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ne malin object o Lhis rosiarci «E. i. T.ue U681 Dy proper taperiig
of the circuit characteristics of e pulsed, nigh-power traveling-wave g--
piifier, long-persisting pulse-cdge oSicil_acilos could be successfully
=limiratec Seversl tyrcc of circult tapering nave been considered, a3

a particuler one was chosen for *his z2-ririrgl zculy  The type of zircut:
taper, which appears to have several edvertszcs over others for suppressict
of pulse-edge oscillations, has both the -»--on= fre=ivency incressed an”

o
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the phase velocity for the pecehgni frecucrcecics decressed gracually .o
the output erd of the tube.

The effect of circuit tapering con forvard-wave amplification has =_co
been studied. A method was introduced for ~alculating the performarce wurd
&n increase in gain was predicted for iLne aforementioned taper by this
method when the tube was cperated beyond tne small-signal level. Thic -:
fect was also measured experimentally on a high-power tube constructed ror
this purpose.

The effect of circuit tapering on tube efficiency has been studied
qualitatively. By using the conventicral velocity-phase diagram, the pros-
sibility of improving the efficiency 1s indicated. However, a differe::
kind of circuit tapering other than that used for this study is required.

Two versions of a demountable experimental tube with the aforementic:ed
circuit tapering have been designed, buiii, and tested. The first vers:on
of the tapered tube suffered a vacuum iecaxk, but during its short life pericc.
1t proved to have no pulse-edge osciilz:icrns in the tapered output sectic-
cf the tube, although the forward-wave gai: was smaller than expected.

Since the absence c¢f pulse-edge osciliztions might possibly have beern due

to insufficient gain, the tube was reraired anc a middle section was acdied
¢ increase the gain. The performance c¢f tne second version of the tube

wes good arnd rno pulse-edge oscillaticn: cculd te fcund which originated ::.

the tapered output secticn. Under typical operating conditions at a hean

>
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voltage equal to 120 XV, the maximum power output was 3 MW at a mid-band
frequency of 3.0 kMc with a 3 db bandwidth of 12.2% and an efficiency of
26 perceat. The forwvard-wave gain had a maximum increase of 2.3 db over
the small-signal gain at 3.06 kMc as the input power was increased beyond
the small signal operation level. This effect agreed well with the theo-
retical prediction; howvever, as expected, no efficiency improvement was
evident. Por higher voltages, the power output increased without the
appearance of pulse-edge oscillations in the tapered output section, and
the gain increase characteristic wvas still maintained. The bandwidth and
the efficiency remained at the same value as that obtained at 120 kV beam
voltage.
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CHAPTER I

INTRODUCTION

In the design of pulsed, high-power traveling-wave amplifiers, the
pulse-edge oscillations occurring on the rising and falling edges of the
voltage pulse have been one of the most persistent problems. These oscil-
lations, in gencral, appear with fixed frequencies at the comparatively
high impedance points at, or near, the cutcff frequencies of the passband.
This is because synchronism between the electromagnetic wave and the elec-
tron beam in this region requires a beam voltage considerably lower than
the normal operating values. Therefore, under most operating conditions,
the circuit wave in this region is not synchronous with the beam during
the flat top of the voltage pulse unless the voltage is decreased pur-
posely to the critical value for oscillation. In the transient region,
the leading and trailing edges of the pulse, the beam voltage sweeps
from zero to full operating voltage in a finite time interval so the
critical conditions for start oscillation can be satisfied if the sweep
is sufficiently siow to allow buildup to occur. If the rectified rf out
put pulse is viewed on a scope, the oscillations will appear in the form
of irregular pips on the two sides of the amplified rf pulse. The tendency
toward these oscillations limits the usable length of the tube, and the
allowable gain and the effiziency of the output section of the amplifier
will be reduced.

The nature of the pulse-edge oscillations has been discussed in the
literature.l’z’B’h The buildup of such oscillations could be attributed
to, at least, the following kinds of beam-wave interactions. These are:
(1) Porward-wave interaction combined with the high reflections at the
couplers at, or near, the upper cutoff frequency of the circuit. This
kind of oscillation is possible because, at the critical value of beam
voltage, the forward-wave gain is high, peaking near the upper cutoff
frequency, and the reflections there are generally approaching unity such

s § =




that the loop gain zould exceed unity. (2) Backward-wave oscillations.
Since at the pulse edges the beam voltage sweeps through the backward
space-harmonic region, if the tube 1s sufficiertly long, such oscillations
are possible. For traveling-wave tubes built for forward-wave amplificaticn,
the output section is usually long enough to allow the buildup of backward-
wave oscillations. (3) Oscillations due to the simultaneous interaction

with a backward-wave and a forward-wave. Near the circuit cutoff fregquerncy,
it is possible to have such waves at nearly the same phase velocity with
comparable high magnitudes of interaction impedance.

Several ways of suppressing pulse-edge oscillations have been pro-
posed, and some of them have been tried. An obvious example is that of
using the gridded gun, so that the beam current can be turned on and off
after the anode voltage has reached its operating value. However, in hizh
pover applications, the existing designs of gridded guns either intercept
some beam current which can cause a serious heat dissipation problem at
the grid when the beam power is high; or they have too small a ratio of
beam anode voltage to the grid voltage such that a large value of grid
voltage is required, and as a consequence a complicated modulating
system is inevitable.

In this report, we shall counsider another approach to the solution
of this problem; the method consists of tapering the circuit velocity so
that it is gradually decreasing and simultaneously varying the dispersion
characteristic of each section of the tapered circuit in some prescribed
fashion. If the tapering is proper, it will result in a condition such
that in the region where oscillation is most likely to occur, all the
mechanisms contributing to the oscillation are disrupted, without seriously
deteriorating the amplification. In other words, a tapered tube can be
made longer, thus having higher gain but still maintaining good stability.

In fact, if the circuit tapering is also proper for the normal ampli-
fication region which, in general, lies in the middle of the passband, the
electronic efficiency as wel]l as the forward-wave gain of the tube can also
be enhanced. This is because a properly tapered slow-wave structure pro-

vides a better synchronism condition for high level operation of the tube




than that of an untapered slow-wave structure. The success of the circuit
tapering technique would result in an output s=ctior. long enough for suf
ficiert gain., provide high electronic efficiency, and the input section,
or sections, could be short enough to preclude pulse-edge oscillations in
these regions so that traveling-wave tubes could be made unconditionally
stable.

There are several theoretical approaches one can use in studying the
effect of circuit tapering. One of these is by extending the nonlinear
analysis used in the study of the large-signal behavior of uriform circuit
tubes to take account of the circuit variation due to tapering. However,
the existing iarge-signal theories consider, in general, one-dimensional,
nonrelativistic, uniform circuit cases only. In some cases, large dis-
crepancies between the calculated and experimental values of uniform cir-
cuit tube efficiency have been observed.5 If more hypothetical assumptions
were added in order to solve the effects of circuit tapering, then the
validity of the approach would become gquestionable. Furthermore, a great
amount of numerical computation must be performed before any general
conclusion on circuit tapering can be reached. If successful modification
vere made on the nonlinear theory, such an analysis would be excellent
for studying the effect of a particular tapered circuit but would still
be impractical for the design of a tapered traveling-wave tube. The ap-
proach adopted here i1s a simpler but approximate one. It is essentially
that of considering the tapered circuit as a variation of uniform slow-
wave circuits; by extending the theories and results of the uniform
circuit traveling-wave tube the effect of circuit tapering can be esti-
mated approximately. Such an approach may not be a rigorous theoretical
treatment of the problem; however, it provides a simple and useful tool
in the design of tapered, pulsed, high-power traveling-wave tubes, as well
as a clear interpretation of the actual behavior of circuit tapering on
the tube performance.

Several different types of circuit tapering are briefly considered
in Chapter II, and the one which appears to have the best chance of sup-

pressing pulse-edge oscillations was chosen for use in an experimental




high-power, pulsed traveling-wave amplifier. This taper results in a
variation of both the phase velocity in the passband and the upper cutoff
frequency of the passbard in a particular fashion. The amount of circuit
tapering is determined by the required change in the propagation constant
necessary to ensure that the circuit wave is sufficiently out of synchronism
with the beam when the beam voltage sweeps through the possible pulse-edge
aseillation region.

,From an equivalent study of voitage taper on uniform circuit tubes by
Hessb at the University of California, it 1s also knowsn that such a
tapered circuit is, at least; an adequate one for forward-wave interaction.
His data shcw that, if starting from a voltage less than the synchronous
vcltage. cre increases the d- beam voltage linearly along the length of
a uniform circuit tube, the output power and efficiency are maximized at
a point where the beam voltage is about 1.k times the synchronous voltage.
Egquivalently, therefore, by slowing down the circuit phase velocity linear-
ly, it is possible to obtain an enhanced forward-wave amplification.

The effect of circuit tapering on the amplification when the average
velocity of electrons in the beam is decreased due to the increase of in-
put power will also be discussed in Chapter 11, and the actual six-cavity
linear taper in the experimental tube will be useda as an example to illus-
trate an approximate method which can give a gain increase approximating
the value actually obtained from the experimental tube. This will be shown
in Chapter 1V together with other test results.

A qualitative discussion of the effect on efficiency based on Cutler's
results5 will also be given in the last section of Chapter 1I. The mecha-
nism of efficiency improvement due to circuit tapering is also presented.

In order to check the theoretical predictions, an experimental tube
vas made to evaluate the circuit tapering effects empirically. The type
of circuit tapering chosen in Chapter 11 was applied to the clover-ieaf
circuit, in which the cavity height and the size of the apertures in the
coupling plates are gradually changed from cavity to cavity to provide

the required changes in frequency and in phase constant, and thus, in the




circult phase veliocity. The detaii of tae Jdesign, as well as the cold
eircuit measurements =2:.2 smalil-sig.zi parameter cczputations on the actual

experimertal tapered *udbe are giver i Chapter IIT.

m

in= experimentai tapered tube ccorsisteld of s six-cavity linear taper
vhich formed the last six cavities at the output ernd of the tube, and of
other untapered cavities which formed the rest of the circuit cf the tube.
The tube was designed with demountsvle coarnections at the severs which
divide the circuit 1intc output section and input section or secticas,
such that it can be easily rebuilt for testing other tapered circuits
in the future.

Results of the experimental tube performance are given in Cnapter IV,
It can be seer that the pulse-edge oscillations can actuaily pe stopped
in the output section c¢i the tube by use of the linearly tapered circuit.
The tapered circuit also shows a distinct effect on the forward-wave gain;
it exhibits a sudden increase when the input drive is sufficient o cause
the onset of saturation in the beam. This effect agrees well with the
theoretical prediction shown in Chapter II. However, as compared with
an earlier uniform circuit tube built with the same uniform clover-leaf
structure, the efficiency and bandwidth of the tapered tube seem to re-
main unchanged. This is because the experimental tube was purposely de-
signed to have moderate circuit tapering in the forward-wave amplification
regicn. but which was sufficient to suppress pulse-edge oscillations.

Greater tapering should result in incr:ased efficiency.




CHAPTER I1

SOVME THECRETICAL ASPECTS OF
CIRCZUIT TAPZERING IN TRAVELING-WAVE TURES

A. INTRODUCTION

It has long been inown that by preperly tapering the slow-wave
structure of a traveling-wave amplifier that tre forward-wave amplifi-
catior and the efficiency of the tube might te improved. However, a
great part of this charter will be devoted to s discussion of possitble
irprovements in the control of pulse-edge oscillations. This problem
of oscillation has long been a persistent one ir the design of pulsed,
high-power traveling-wave tutes.

As mentioned in Chapter I, pulse-edge oscillations gererally appear
as irregular pips on the leading and the trailing edge of the pulse at
frequencies near or at the upper cutoff frequency. For a typical slow-
wave circuit used in a pulsed, high-power traveling-wave amplifier such
as a clover-leaf or a centipede structure,7 the w-p diagram for the
amplification passband has a form as shcwn in Fig. 2.1. In the trans-
ient regions of the beam voltage pulse edges, oscillations ususlly
exist at the heavy line region of the w-p diagram in Fig. 2 1 with
{requencies near or equal to fﬂ , and with phase constant, 8 ,
slightly less or slightly more than n/L . This means that pulse-edge
oscillations may exist in a region extending from the forward-wave to
the backward-wave space-harmonic regions.

To illustrate how circuit tapering can be used to preclude the
build-up of the pulse-edge oscillations as well as to improve the
forward-wave amplification, a hypothetical and simplified example will
te corsidered as follows. Let the block in Fig 2.2 represent a tapered
slow-wave circuit which is designed in such a way that at its cutput

ernd tne phase velocity of both forward-wave and backward-wave regions
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Electron velcoity ..t rorzal
cpereving volt
Elec:ron velosit
a% pulse-edges
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Forvard wave oscillation region

0 afL 2n/L

FIG. 2.1--w - B diagram for a typical slow-wave structure
used in a high-power, traveling-wave amplifier.
Here, only the fundamental passband and one
space harmonic are shown.

Input Output
T —— T 7™ = Electroa tean

FIG. 2.2--Backward-wave interaction circuit block diagram,




is decreased when one proceeds from left to right. Assime an electron
beam is passing through the circuit and is also going from left to right.
For the purpose of simplicity, only pulse-edge oscillations due to
baclkward-wave interaction are considered to be important in this partic-
ular example. When the input power level is increased beyond the level
for small signsl operation, the electron velocity of the beam becomes
miltivalued, and mcst electrons in the beam reach velocities at the output
ard of the tube lower than the original values at the input erd of tre
tute. Since the phase velocity of ithe forward-wave is also decreased :n
the same direction, the forwerd-wave amplification will be improved if
rrorer tapering is maintained. If, however, the phase velocity in the
sackward-wave region is made to decrease more rapidly than that in the
Torward-wave region, the electrons in the beam can be made to fall out

of synchronism with the backward wave +hen conditions are optimum for
forward-wave amplification. Therefore, with a single taper which provides
iifferent rates of velocity tapering in the forward-wave arnd the backward-
save regions, the emplification and the stability of the tube can both

be improved simultaneously.

The method adopted in this chapter in studying the effect of circuit
tapering is essentially an extension of the uniform circuit traveling-
wave tube theories. These theories are not applicable directly to the
tapered tube case because the circuit is now no longer periodic.
Nevertheless, if the effect of each cavity in the taper is considered
discretely, then the summation of these discrete results will give an
approximation to the effect of the entire taper. For a taper sufficiently
graduel, such an approximation should be a close one. This method is by
.0 means a rigorous theoretical treatment of the problem of circuit
tarering; however, it provides a simple and reliable method for design
of a tapered-circuit, pulsed, high-power traveling-wave amplifier, ard
also indicates its expected performance.

In actual tukes, oscillations due to other circuit-beam interactions
are also important. In Section B which follows, various types of oscil-
lations as well as the effect on these oscillations of different kinds of
possible circuit tapering will be considered individually




The effect of circ.it tapering on forwari-wave amplification, and

on tube efficierncy. will be discussed in Sections C and D, respectively.

B. EFFECT OF CTRCJIT “..FERING OF THE PULSE-EDGE OSCILLATIONS

in tne earlier studies of uniform circuit traveling-wave tubes, it
was found that rthe pulse-edge oscillations generally appear with fixed
frequency at, or near, the upper cutoff frequency of the passband which
corresponds t0 beam voltages lower than the normal operating values, as
mentioned in the preceding section Hence, the rf output due to pulse-
edge oscillations will not appear in the region corresponding to the
flat top of the beam voltage pulse when it is at the rated voltage, tut
will appear in the transient regions of the rise and fall of the veoltage
pulse. Therefore, these two irregular pips occur where the beam voltage
is prorer for the electron beam velocity to bte synchronous with the rf
circuit wave velocity as the voltage sweeps from zero to the normal
overating value.

The dynamics of suck oscillations are rather complicated. However,
it has been fourd that they may at least be caused by the following
three kinds of beam-wave interactions. They are: 1) forward-wave
interactior combined witr the high reflections at the couplers at, or
near, the upper cutoff frequency of the passband; 2) backward-wave
interactior; ard 3), simultaneous interaction of both the forward-wave
ard tackward-wave spatial harmonics. More details of these interactions
as well as the effect of circuit tapering on each of them will be given
in later parts of this chapter.

First of all, let us consider the means of tapering the slow-wave
circuit of a traveling-wave tute and the classification of these tapers.
One may wish to classify them according to their effects on the circuit
characteristics. Thus, according to the change in phase velocity,
interaction impedance, etc., that they introduce, they are known as
velocity-taper, impedance-taper, etc. They car be subgrouped further
according to the manner in which the circuit parameters change from
cavity to cavity along the taper: thus we might have the linear velocity-
taper, exporential impedance-taper, etc. On the other hard, in the study
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of their effects on suppressing the pulse-edge oscillations, the change

of the final dispersion characteristics with respect to the original one -
is of importance. Hence, one may classify them accordirgly. Several
possible types of tapers are shown in Figs. 2.3 to 2.6. They ure .

classified by their final changes vith respect to the original character-
istics and will be referred to as different tapering schemes hereafter.

As in the study of uniform circuit traveling-wave tubes, the use
of @8 diagrams of the slov-wave structures facilitates the unxder-
standing of the beam-wave interaction. Furthermore, some of the effects
of circuit tapering can readily be visualized from such diagrams.
Figure 2.3 shows the w-pB diagram of a simple velocity taper. The curve
labeled "output” is that which would be obtaired from a circuit of
identical cavities of the final length L2 , and the same coupling
aperture dimensions as that of the last cavity of the tapered chain. In
the actual taper several intermediate cavities will exist, having lengtts
and aperture dimensions between those of the two extremities. 'These
lengths and aperture dimensions are all slightly different and the curves
for structures comprised of identical cavities of these intermediate
lengths would lie somewhere between the two limiting curves shown. The
lower cutoff frequency of the amplification passband for this particular
taper as well as for other types of tapers considered in this chapter
will be assumed to have a fixed value throughout the taper. The reason
for this assumption is simply that tapering of thte lower cutoff region
will not affect the pulse-edge oscillations which generally exist at the
oppcsite end of the passband. Any alteration of other tube characteristics
to bring about changes at the lower cutoff will increase the difficulty in
identifying the effects of circuit tapering on the pulse-edge oscillatioms.
Therefore, it is preferable to have a relatively small amount of clrcuit
tapering in the forward-wave region by keeping the lower cutoff frequency
unchanged. Besides, the following discussions of pulse-edge oscillations
will not lose their generality with this assumption of fixed lower cutoff
frequency. It can be noted from Fig. 2.3 that the upper cutoff frequercy,
or the x-mode frequency, of the passband remains unchanged for this scheme '
of straight velocity taper. It will be shown later that such a scheme is
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not effective in suppressirng the tyre of pulse-edge oscillation due to
forward-wave interactior. and righ reflectior.. Alsc, if the cavity
lengths are nct varfed drasticzlly, tre tapering :: phase velocity for
the backward-wave spatial harmoric region is not as large as with other
types of circuit tapering, such ac the ore srown in Fig. 2.5. Obviously,
tien, this scheme is nov the most desirakle orne.

If taspering is achieved Yty varying the upper cutoff freguency of the
passband as well as the sectic: lerngths, then two cther types of tarer
can be ottained, such as shown in Figs. 2.~ and 2.5. In Fig. 2.4, th
"output" curve ras a lower upper cutoff frequency ttran that of the "iryuit’
curve. If the cuatput coupler is matched tc the last cavity of the ‘eger.
this means that the usalle tandwidth of the zapered circuit will be le:zs
thar that of the untapered one. Such a change certainly is not desiretle
as far as the ampiification bandwidth is concerned  Furthermore. for *:=
same length of L2 , 1T can be seer. that the phase velocity tapering I:
the backward-wave region is even smaller than that shown in Fig. 2.3
On the other hand, the tapering scheme shown in Fig. 2.5 has an upper
cutoff frequency for the "output" curve higher than that of the "input”
curve. This type of taper not only has a usable bandwidth equal to that
of the untapered circuit, but also has a larger velocity tapering in the
backward-wave region than that of Fig. 2.3. In addition, it is capatle
of suppressing pulse-edge oscillation due to forward-wave interaction
and high reflections The reason for this effect will be shown in detail
ir a later section. It is therefore believed that this type of tapering
will be the most effective one for suppressing pulse-edge oscillatiorns:
there are also possibilities that it will enhance the forward-wave
amplification

Arother type of circuit tapering can be obtained by decreasing the
upper cutoff frequency of the passband, btut keeping the cavity lerngths
of each cavity in the taper constant The w2 diagram of this type of
tapering ic shown in Fig. 2.6. It can be readily seen that the veloci:ty
change with the tapered circuit in the backward-wave region is in the
opposite direction compared to that of other tapering schemes. Hence,

as far as bac.ward-wave oscillation is concerned, this type of tejper
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could be effective since the circuit phase velocity can be changed rapidly
enough in this region to prevent synchronism between it and the electron
beam. However, this scheme has two serious shortcomings which exc::de
it from being useful in a tapered amplifier Firstly, for frequencies
lying between the upper cutoff of the "input” and "output” curves iu
Fig. 2.6 such as indicated by the straight line marked "a," complete
reflection exists in the taper. Therefore, forward-wave oscillation may
still exist if the net loop gain is greater than unity. Secondly, in the
same way as the scheme shown in Fig. 2.4, the "output" curve -ossesses less
bandwidth than that of the "input" curve. Trerefore, a tube with such a
' mared elrcuit will have less usable bandwidth for amplificotion than the
untapered tube, thereby rendering the circuit less desirable

The effects of the above types of circuit tapering on the pulse-edge
oscillations, which are classed according to the mechanisms which might
possibly cause them, will be discussed in more detail in the following

sections

1. Effect of Circuit Tapering on Pulse-edge Oscillations due to
Forward-wave Interaction and High Reflections

studies of the uniform circuit traveling-wave ! .-, Gou1d2
S1... 2u  "o* by considering the presence of two spatial harmonics near
the edge of the amplification passband, a gain peak can be found to occur
near the upper cutoff frequency for beam voltages lower than those for
normal maximum bandwidth operation. This phenomeron, as can be seen from
the dispersion characteristics of the slow-wave structure, is due to the
fact that the electron beam at these voltages is more nearly in synchronism
with the wave at those frequencies than it is at higher beam voltsages, and
that the circuit interaction impedance is very high at these frequencies.
Under normal operation conditions, if the beam voltage of the tube is
pulsed, the flat top of the pulse corresponds to the operating voltage too
high for synchronism at these frequencies, whereas at the pulse-edges, the
beam voltage sweeps through this frequency region, giving rise to high peaks
of tube gain. On the other hand, the refl-ction coefficlients from the

Junctions between the slow-wave structure and the uniform wave-guiding
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systeam, such as coaxial liire, waveguide, etc., are necessarily approaching
unity st these frequencies Because of the raridly changing characteristie
impedance of the slow-wave structure as & functior of frequency near the
eutolf {reguencies cof the passcand, it is ir gernersl impossible to match
this impedance weil to the slowly-varyirng impedarce of the uniform wave-
guiding systemr except at spot frecuencies. Due to the peak of the tute
gain and the high reflecticns at the junctions, osclllation at these
frequercies is irevitable for tubtes with reasonable amounts of mid-tand
frequency amplification.

The starting conditior for such oscillaticns is that the loop gain
sbould be greater than unity, viz.,

Gfgb Cinpzut L ! (2.1)
where Gf is the net gain in the forward direction. i e., in the
direction of electron motion; Gb is the net attenuation of the
reflected wave in the backward direction, i.e., in the direction
opposite to that of electron motion; Pin is the reflection coefficient
at the input end of the tube, or, if only the output section of a severed
tube is considered, it is the reflection coefficient from the sever; and
Pout is the reflection at the output end of the tube, or from the sever
if only the input section of the tube is considered. Therefore, for a
tapered tube to be effective in suppressing this type of oscillation, the
left hand side of Eq. (2.1) must be reduced to less than unity; and, at
the same time, the mid-band frequency amplification should be of the same
order as the untapered tube of the same length

The tapering scheme shown in Fig. 2.5 will first be considered. The
"output" dispersion characteristic of this scheme has an upper cutoff
frequency higrer than trat of the “'input” characteristic, as well as
larger values of propagation phase constent, £ , for ccnstant frequencies
A realistic example of this scheme is shown in Fig. 2.7 which is actually
measured from a six-cavity linear taper built for empirical evaluation of

circuit tapering, as discussed in Chapter 1II.For such a tapering of the

dispersion chraracteristic, the corresponding change in interaction impedance

= Jif5) =




-9‘[-

=
-3

¥req. (k)

1
u.\mn,_

Bta. 1/P secticms (L = L)
0fP sections

(L=1ly)

L= 3N = 1,90% cm

lg= 5/8"- 1.%8fca

a;__—.w

/2,

2a/1y

P —=

FIG. 2.7--Measured frequency vs circuit propagation constant,
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2an also be oztained from "ecid" circuit measiremer-s. Figure 2.2 shows

a : ]
the values 5% tne cube root of Plerce’s interaction impedance,

(SR PP,

r 2 :: L b} o
E7[2272) / . ~oanvated from fraguenty sercurtaticr results descrited

ir Chapter TIT as 2 fin~tion of phas: oon

520 2
vielion

nt, 3 This factor is

4]
[

directly rrowortional tc Pilerce's small signal pararezer 'C” given by

BRVERNYE SERVERRYS
[ T { E ST
Bl= I 5 = | — = , (28]
\ez°p WV, \es*wvg , \-; v,

where E 1is the axial E-field, P is the power flow, i.e., P = sz .
W 1is the stored energy ver unit length, ¥ is the group velocity,v

and Ii’ Vj are the de ceam current and voitage, respectively. It can
be seen from Fig. 2.8 that for this particular taper, the value of
(EQ/E;CP}I/j , and therefore "C" for a given zeam, is changed only tv
a smal: fraction for mid-band amplification frequencies. Lowever, near
the upper cutoff frequency of the untapered cavities where the pulse-
edge oscillation generally exists in uniform circuit tubes, the values
of these parameters are decreased drastically in the tapered cavities

ror soth forward and backward spatial harmonics. 1In addition to this,
the propagation constant, B , as can be seen from Fig. 2.7, is
increased successively in the taper from the "input" to the "output”
values. This means, for certairn beam voltages, the synchronism condition
prevails only at freguencies near the upper cutoff of the "input" curve,
and the gain becomes less and less as one proceeds toward the output end
of the tute along the taper. Therefore, the net tube gain, Gf , which
is usually high in the uniform circuii case at frequencies near the upper
cutoff will be low if the taper is preoperly designed.

In other words, due to the small value of G the left nand side

’
of Eq. (2.1) can be made to be less than unity oer the entire amplifi-
cation band. This is, of course, impossible to achieve in a uniform
circuit tube with the same order of mid-band frequency amplification.
When the tuve is tapered in the fashion descrived in the previous
paragrapns, and the taper is located at the output end of the tuce, the

output coupler is connected directly to the last cavity of the taper
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which hzs & disterszion craracteristic as the “output” curve showr in

Ftg <7 &* “rezuencies reer or at the untapered upper cutoff, i e ,
tre vrav - -7+ =f the "irpun” curve, “he mavtching of circuit impedance
tetween t'2 cLtuit ccupler ard tle clow-wave structure can be improved.
This 1= because the variation with fresuency of the characteristic
irpelisrce 3F tihe _ast tapered cevity at these frequercies is now a more
slowly .=:yir¢ finetion tharn that of the untspered cavities, and more

© - itones tne slow variatior with freguency of the cutput waveguide
impedz:.ce Ii. other words, tre taper behaves like an impedance tranc-

“Crmer  Hazr~a  tre valie of the left hard side o By (Z 1) car ke

Tirtye rev o2 e tr thie decrease of reflection ccefricient Trca the
. . & . a
citplt ao e e, tre f2ciy o, 1s reduced
o 2
Tre siv T-oeaus reducticon cf toth 3 and R is the Lnigue
4 (PR
fagtire 2F thrs i1articular tapering schere., Physically tnis ie due 0

tha zimuliaec.e lincrease of the urrer cutoff freguercy anl tre decrezse
of the cavity length as one proceeds from the beginning to the ernd of
the taper Therefore, for frequencies near that of the upper cutoff of the
"inpus" curve, one can see from Fig. 2.5 that in addition to the increase
of ¢ 1in tre tapered cavity, the group velocity will increase succes-
sively ‘rom the “:mpui” to the "output” curve. Furthermore, due to ik
crarge of the circuit dimension, the EE/W will also decrease slightly
from the ngw value of the untapered cavities. Then, from Eg {2 &),
it follows i1mmeciately that C for the tapered cavities will te less
thar that of the origi-zal untapered cavities for these frequencies ard
sirce otter tupe varameters change only moderately, the small sigral
forward-wave ga.n at these frequencies for a properly desigred taper
w:ll be smaller.

For other tapering schemes, the capability of suppressing this
type of pulse-edge osciilation is considerably less than that ronsidered
atove The main reason is that the upper cutoff frequency of these
tyres of tajers is eitner kept uncharged throughout the taper, or is
~hanged *to values lower than that of the untapered case. Therefore, at
“renuencies where the gain peak usually exists in the untapere: *ube,
the reyactior in interaction impedance is much less than in tre <cheme

a




discussed zbove, and tne reflections from tne cutput coupler are either
the same or worse than in the uniform circuit case

For instance, ore can easily observe from Fig <.? tnat any frequency

on the untareren

o

stercion cnaracteristic or the "irpu-” curve in the
fig.re will mainio.r .t relative value with respect to the upper cutoff
reguency throughout the caper Ir. other words, frequencies correspordirg
to the high interactior irpedance points near tre upper cutoff freque:ncy
wiil always corresponad ic high impedance poirts 1n tre si.ccessive tapered
cavities. The only difference between this ard ar urtzpered circiit is

the change in fhase coustant, B . For a givern frequency, tnis also

re3ns a changs in circ.it phase velocity Ever. 1T sucn a taper could
rad2 to suppress coscillztion at small sigrzl leve.s by zvastically changirg

the thace constant, such trnat the circuit wave zna the Team fall out of
svrchronica, the tuce might still oscillate at nigr rf levels, reca:se at
high level operation a large portiorn of the elecz*rors ir the Ceam will have
lower velocities near the output end of the tube than st the inpi:t end, and
tte taper at tre output end of the tube provides Lign interaction impedance
4ith successiveiy slower phase velocities. Therefore., syncironism may
always te gond at high levels, and reflection from the output coupler is
aiways high since, as can be seen from earlier discussions, nothing has teen
dune to improve matching by this tapering method

It can also be seen from Fig. 2.3 that the group velocity for fre-
Juencies near the upper cutoff 1s essentially the same for all taper=ac

cavities. Hence, the only possible way to reauce the interaction impedance,
c

b T

viz Ee/(éangg) , near the upper cutoff frequency, is by reducing E°/
and Increasing B , both of which require charges irn cavity dimensicns
Upon comparing this scheme to the one shown ir Fig. 2.5, 1t is seen that for
the same frequency range, the group velocity v8 increases with distance
along the taper in Fig. 2.5, instead of Just remaining unchanged throughout
the taper as in Fig. z.3. Therefore, for thte same amournt of impedance
reduction, the circuit dimensions must bte changed much more in the scheme
shown in Fig. &.3 than in that shown in Fig < 5 Changing the circuit
iimernsions to provide a large increase in the value of B will normally

H

reduce the guantity E“/W This reduction ir tne value of E° /W in the
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high frequency range will also result in a reduction of this quantity
at mid-frequency, and so deteriorate amplification. This deterioration
is, of course, undesirable. Therefore, for the same amount of circuit
tapering in the mid-band frequency, the scheme shown in Fig. 2.5 is more
effective than the one shown in Fig. 2.3.

Other tapering schemes such as shown in Figs. 2.4 and 2.6 can readily
be seen to be deleterious to the forward-wave amplification in addition to
their ineffectiveress in suppressing pulse-edge oscillations. This is
because both of these types of tapers have an upper cutoff frequency for
the "output” curve less than that of the "input” curve. Therefore,
contrary to the situation in the taper of Fig. 2.5 discussed earlier, the
output coupler in these cases can only be matched to the slow-wave structure
in a narrower frequency interval than that ¢f the untapered case, or the
usable bandwidth for amplification of the tapered slow-wave structure 1is
decreased to that of the "output” curve shown in these figures.

The effect of these tapers on pulse-edge oscillations can be readily
seen from the w-p diagrams of Figs. 2.4 and 2.6. For frequencies lying
between the upper cutoff of the "input" and that of the "output” curves,
complete reflection exists somewhere in the middle of the taper since the
upper cutoff frequency of the tapered cavities is decreased successively
along the taper. When this complete reflection exists at the beginning of
the taper, such as for frequencies very near the "input"” upper cutoff
frequency, the tube may not oscillate, if the gain prior to the reflection
is sufficiently small to insure that the left hand side of Eq. (2.1) is
less than unity. However, if the complete reflection exists near the
output end of the taper, such as for the frequency range just avove the
upper cutoff frequency of the "output” curve, the interacticn impedance
will also become higher as one approaches the position of complete reflec-
tion, and oscillations may exist. The reason for this increase in inter-
action impedance can easily be seen from the following consideration.

Let us compare these schemes shown in Figs. 2.4 and 2.6 with those shown
in Fig. 2.5 wnich is the same as in Figs. 2.7 and 2.8. In the former

methods, the upper cutoff frequency is decressed gradually and so is the
group velocity. Hence, for the schemes given in Figs. 2.4 and 2.6, one
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starts from a low impedance point and proceeds gradually to the high
impedance roints when aprroaching the high reflection This is contrary
to the situatiorn shown in Fig 2.5. Therefore, even though 8 is
increased, one would still expect the forward-wave gair prior tu the
reflection to ve high The oscillation situation in the tube, or ir the
output section if only this section is under consideratior, will be as
tai as in the untapered tube case. Furtlermore, at lower frequencies
just below the upper cutoff frequency ot the "cutpuz” curve, the tube

may also oscillate, since at these frequencies, the interaction impedar.ce
increases rapidly when one proceeds from the first to the last cavity in
tre taper, and the reflection at the output coupler is also high.
Nevertheless, in a uniform circuit amplifier, the tube is expected co be
stable at this frequency, so, in this respect, the taperec tube is even
worse than the untapered one. Therefore, it is corcluded that to suppress
vulse-edge oscillations which might be due to a combination of forward-
wave interaction and high reflections, the tapering scheme shown in

Fig. <.5 will be most effective.

2. Effect of Circuit Tapering on Pulse-edge Oscillation due to
Backward-wave Interaction

As mentiored previously, a severed tube may consist of several
isolated sections. Since the input section, or sections, of a tube can
be made short enough to prevent backward-wave oscillation in itself, the
vrotlem is reduced to considering the stability of the output section of
the tube only. In a tapered tube, the output section consists ¢f a portion
of uriform cavities and a taper at the output end connected directly to the
output coupler of tre tube. Therefore, as far as backward-wave oscillations,
which have an inherent feedback mechanism, are concerned, the porticn of
untarered cavities, if sufficiently long, may oscillate independently from
the tapered region For this case, the situation is no different from that
of a uniform circuit tube, and the analysis for uniform circuit backward-
wave oscillators can be applied directly. However, the entire output section
may alsc oscillate compositely; then the uniform circuit analysis can provide
no usable results since the periodicity requirements recessary for tne anal-

ysis are ro longer fulfilled in the tapered regior
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It can be seer from the simplified picture shown in Fig. 2.9, which
is an analog to the one cited in Heffner'59 article, that for backward-
wave cscillation to exist the folilowing basic conditions must hold,
namely: 1) the total phase shift around the loop should be an integral

number of cycles, i.e.,
¢-gL = (n+l)x (2.3)

vhere ©O 1is the total phase shift along the tapered circuit, Be is

the electron phase constant, L 1is the length of the interaction region,
and r. is an integer, i.e., n=1,2,3,....; and Z) the loop gain must

exceed unity. Because of circuit loss and the inefficiency of the energy
conversion process, a certain amount of gain is necessary, since the gain

per electron wavelength is proportional to C; this means
CN = Constant, (2.4)

where N is the total number of electron wavelengths in the tube.

In the slow-wave circuit generally used in a high-power travelirg-
wave amplifier, strong coupling exists between cavities. Hence, when
the circuit is tapered, the change in field quantities will be a nearly
continuous function of distance along the taper, although the dimensions
of cavities are changed in discrete steps. In any differential distance,
dz , along the taper, all dynamic equations used in the uniform circuit
case still apply, but the solutions can no longer be assumed to have the
form of e ’> since the circuit is no longer periodic. Instead of
considering the field in the taper to be changed continuously, one can
approximate it by a field varying in a step fashion, such as that shown
in Fig. 2.10. Then, in the region of each step, one can apply the
uniform ecircuit analysis as if it were a section of uniform cirzuit tube
and sum these individual results to obtain an approximation to the actual
solution of the tapered tube.

The validity of this approximation will depend largely on the manner
irn which the slow-wave circuit is tapered. For a small and gradual taper,
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FIG. 2.9--The feedback loop of a tapered backward-

wave tube.
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this approximation will certainly be a close one, and the results of
uniform circuit analysis can be used without giving serious error.

The six-cavity linear taper cited in Section 1 with characteristics
shown in Figs. 2.7 and 2.5 will again be used to illustrate this approxi-
mation process. A tapered output section of the tube is assumed to
consist of an untapered portion of five untapered cavities in addition
to the above-mentioned six-cavity linear taper. Since the total increase
in cutoff frequency through the six tapered cevities is only 100 Mc/s
for a mid-band frequency of 3000 Mc/s, and total section length decrease
is 1/8 inch, which is only 16.7% of the original value, the taper is
considered to be sufficiently small and gradual for the approximate
analysis to holi. To make the above step approximation, the length of
each step can be arbitrarily chosen; however, for convenience, the length
of each step is assumed to be the same as the length of each tapered
cavity.

In order to compare with the nntapered case, a uniform output section
consisting of untapered cavities having the same total length as the output
section of the tapered amplifier is first considered. By employing
Johnson'slo numerical results, and assuming an electron beam with a micro-
perveance of 2, the actual value of CN of the untapered output section
is normalized to the stert oscillation value, CNst , computed for the
actual amount of phase difference, (p - Be)L , along the circuit, where
8 1is the circuit phase constant and L is the length of the output section.
The normalized results are plotted in Fig. 2.11, which shows that an
untapered output section with the same length as the tapered output section
will oscillate at frequencies above 3255 Mc/s, since CN/CNst is larger
than unity for those frequencies. It can also be seen from this figure that
for the six-cavity linear taver, this value is reduced to below 0.75 for
these frequencies. Therefore, the tube will be stable after tapering.

The starting condition for the tapered output section is obtained from
the approximation process outlined above, which is equivalent to defining
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FIG. 2.11--Normalized CN of an output section consisting only of an untapered section and a tapered
output section with respect to the start oscillation value as a function of frequency.




an equivalent uniform circuit to have

-

N = \> >
(o) [__Cini
i
11
{ - = I o ! \
1

where 1 = 1,23, ..11 indicates the Step number, or in the present
case, the cavity numbter in the eleven-cavity output section, {1 is

the length of each step, and L 1is the total length:

11

L:Z{;i
1

1
Beq = EZ Biii . (2.6)

Therefore, one can find the value of CNSt from the actual value of
phase differerce. In this example, the CNSt was found from the phase
difference.

During this approximation process it was found that the relatively
low value of CN for the tapered output section is achieved in part by
the decrease in C and in part by the change in circuit phase velocity
in the tapered chain. These changes, as discussed in Section 1, are the
largest when the tapering scheme shown in Fig. 2.5 is used for a fixed
arount of phase velocity tapering in the forward-wave region at the mid-
band frequency. If other tapering schemes are used, either the forward-
wvave amplification of the tube will deteriorate or the amplification
tandwidth will be decreased in order to achieve the same purpose, even

if such schemes ave possible.
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3 Pulse-edge Oscillation due to Simultaneous I[nteraction of Forward wave

and 2ackward wave with the Beam

. . . — . 2,3,4
In the st.iic¢s of the uriform circuit tube, it has been found '’

e frequercies correspording to the trarsition between the
forwari-wave and backward-wave regions of the w-B diagram, oscillation
due to simultaneous interaction of the forward and backward spatial
narmonics with tte electron beam 1s possible This is because at this
transition reg.on, which is located at the upper cutoff, both waves have
nearly the same value of phase velocity as well as the same absolute value
of group velocity. At cutoff the values of btoth are identical, so we are
considering a small regior. in the vicinity of and including the cutoff
roint. Furthermore, the interactior impedances, as discussed previously
in Section 1, are very bhigh for both the fundamental and first backward
wvave in this region; that is, interaction is strong in hoth cases.

we shall now discuss Fow oscillations arising from this type of
interactior. car. be avoiied by circuit taperirng. By referring to Fig. < 5,
for example, we see that the upper cutoff frequercy is gradually increased
toward the output erd of tre taper. In other words, the region in which
the forward- and backward-space harmonics have nearly the same phase and
group velocities is gradually increased in frequency as the output end is
aprroachted alorg the taper. Therefore, for frequencies slightly less than
or equal tc the untapered upper cutoff frequency, the tapered slow-wave
structure has much lower interaction impedance at the output end of the
taper than at the untapered irput end. The reason for this reduction is
the same as that giver. in Section 1, and can easily be seer from the
subsequent example  Fence, when the beam is synchronized with the
untapered cavities in the tapered tube at these frequencies, the tapered
cavities will contribute li1ttle to this type of oscillation because-
1) the interaction impedance in thke tapered cavities is luw, and 2) the
waves and the electron beam are out of synchronism due to the increase
of phase constant, £ , as one proceeds toward the output end of the
c.per. In a tapered tupe, the uriform portion of the output section
should always be nade short erough to avoid oscillation in this region
Then the ertire output sect:ion stould rot oscillate because the taper does
not contribite significantly to the grow.h of csei'la'*ors in this frequeacy

range
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For a taper which does not have a change in upper cutoff frequency
suck as the one shown in Fig. 2 £, however, the baild-up of such oscil-
lations is possible when the tube is driver  The tube car also support
oscillations due to high forward-wave gain ard large refiections at the
ends of the sectiorn as previously described ir Sectior 1 Ir either
case, the eiectron velocity will reach a lower value at the output end
of the taper than at the input end; furthermore, tre circuit phase
veleeity is also decreased in the same fashion, due to the change of
cavity lengths. Therefore, the synchronism conditior between the cir-
cuit wave and the team is always maintained. Because the upper cutoff
frequency 1is kept unchanged throughout the taper, the interaction
impedance for frequercies in the neighborhood of the upper cutoff is
always high for all the cavities Hence, strong irteractions exist in
the entire length of tre output section and the tube will likely oscillate

For other tapering schemes, the upper cutoff freguency is changed to
a lower value in the tapered cavities. Therefore, in addition to the
simultaneous interaction of both the forward and backward waves with the
beam, one also expects high reflections in the tapered region for fre-
quencies close to the untapered upper cutoff This will increase the
possibility of tube oscillation. Furthermore, it has already been shown
in Sections 1 and 2 that these tapering schemes are also poor in supprecs-
sing other types of pulse-edge oscillations.

The taper which has an increased upper cutoff frequency along its
lergth as shown in Fig. 2.5 appears to be most effective in suppressing
all three types of the pulse-edge oscillations discussed above, which
exist near, or at, the upper cutoff frequency of the furdamental passband
The realistic example cited in the above sections will be shown further
in later chapters to be effective in suppressing these oscillations in
an experimental tube.

In the coperation of uniform circuit traveling-wave tubes, another
kind of oscillation is often found. This oscillation does not belong to
the category of pulse-edge oscillations considered above, but exists with
frequencies of the second higher passband near or on the flat top of the

beam voltage puise. Such oscillations are ofter referred to as higher
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passband osclillaticns. An w72 diagram of the second higher passband
obtalred Irom & tapered clover-lea! structure is shown in Fig. 2.1c.

For the ~irczut- ~ited, such cscillations usually exist near the lower
cutoff rrezuercy ¢of the second righer rasszand The beam voltage
necesserv for synchronism with this frequency region, as can be seen
from Fig. .12, is nearly the same as that required for synchronism with
the mid-t*and ‘requencies of the amplificatior passtarnd.

Trere are many rossible causes of these oscillations including those
previously discussed, depending on where the voltage line intersects the
rropegaticn characteristic A tapered circuit desigred to suppress tulse-
edge cs-illaticrne mav 1% Te effective ir suppressing upper rassvand
oscillaticrns For instance, the tapered circuit whose dispersion charac-
reristic~gs are showr in Fig .12 is effective in suppressing the pulse-
edge oscillastions as mentioned in the preceding sections  However, for
beamr voltages tvelow 130 xV, the tapered tute may still oscillate irn the
frequency iange from 5400 Mc/s to 5600 Mc/s, since in this frequency
region, the interaction impedance of the circuit is relatively high.
Thus, oscillations which result from simultaneous forward-wave and
backward-wave amplification together with high rerlections from the
output coupler which is poorly matched in the higher passband are likely
to occur.

Methods for suppressing the higher passband oscillations have beern
studied in this laboratory.ll The one adopted for the experimental
tapered tube is that of selective attenuation. As the name suggests,
this method applies attenuation in such a way that the loss provided for
the higher passband is much higher than that provided for the amplifi-
cation passtand. OSufficient attenuation in the higher passband can
therefore be obtained to suppress most oscillations while allowing little
attenuation of the amplification passband. An alternative method is that
of using an external high-pass coupling system with a cutoff frequency
apove the frequencies of the amplification passband. With this coupling,
the external system can couple a large amount of loss intc the slow-wav:>
structure at the nigher passband frequencies when the external system is

rrorerly loaded with lossy materials. However, in the amplification
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passband rno aprrecizbvle loss is coupled to the circuit because of the
cutose rroverty cf this coupling system  Hence, the building up of
migher rosctand ococillations can be precluded bty sufficiently loading
it to the nonoscillaczior point withcut apprecietly affecting the

amplification properties of the tute.

C  EFF=CT OF CIRCUIT TAPERING ON AMPLIFICATION

We nave discussed the effects of tapering on pulse-edge oscillation.
In this section we shall discuss another aspect of circuit-tapering,
riz., ih= effects of tapvering on amplificatior;; an approximate method of
vredicting rerformance wiil be introduced.

For a tapered amplifier consisting of a uniform circuit portion ard
a taper at its output end, the total small-signal gain will be less than
that of s uniform circuit tube having the same length and operating under
the same conditions if the uniform cavities used in both tubes are
designed to provide optimum small-signal gain. This is because the
tapering achieved by gradually changing the cavity dimensions near the
output end of the tube will change both the interaction impedance and
tne synchronism cordition. Therefore the total gain is reduced.
Nevertheless, if the tapering is small, such reduction in votal gain will
not be serious, and can be predicted approximately by a method to be
shown later.

Wher. the input signal power iﬂcreases beyond strictly small-signal
operating values, the single beam velocity picture in the tube breaks
down, and more and more electrons in the beam reach a final velocity at
the output end of the tube less than the original value at the input end
of the tube. 1If, for a certain input signal level, the circuit phase
velocity is also decreased gradually in the region of the taper in the
same manner as that of the electron velocity, then the synchronism
condition between the circuit and the beam will be improved in this
region, so the total gain of the tube will be higher than that computed
by the standard small-signal theories. On the other hand, a uniform

circuit tube at the similar increased input level will have less total
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gain than the small-signal wvalue because at this level most electrons ir
the beem slow down near the output end of the tube, tut the cavities in
that region are designed to give optimum gair when synchronizing with
the original beam velocity. In other words, the small-signal gain is
the highest gain obtainable in the uniform circuit tube case, whereas

in the tapered tube case, this is no longer true.

Such nonlinear dynamics in a uniform circuit tube have been studied
thorcughly in a series of experiments by Cutler.5 In an example of a
tyrical uniform circuit tube given in his paver, he showed that when the
input level irncreases from strictly small-signal operating values cor-
responding to an output power level less than -22 db below saturation,
most of the electrons in the beam start to consolidate into a "main
bunch” in the decelerating phase region and at the same time experierce
a rather rapid decrease in velocity. As the input level was increased
corresponding to an output power level -12 db below saturation, the
final velocity spread was reached. At this level, most of the electrons .
were in the "main bunch"” with reduced velocities. However, a secord
"spur" was just starting to grow. Beyond this level, more and more
electrons shifted into the second "spur” and moved into the accelerating
phase region. Ultimately, almost all the electrons in the beam consoli-
dated into two groups, both containing the same number of electrons.

One group was located in the decelerating phase of the rf circuit fields,
while the other was in the accelerating phsase, so there was no further
net power transfer from the beam to the circuit and the tube reached
saturation.

In the above experiment it was noted that most electrons in the beam
experienced a maximum change in velocity arnd consolidation into a main
bunch in the decelerating phase when the input power had values corre-
sponding to the onset of the nonlinear operation region of the tube.

It is the region corresponding to the output power between -22 db to
-12 db below saturation. Since the variation of power output in a
traveling-wave tube with respect to the input levels is related to the
variation with respect to distance along the tube, this means that when

the power cutput at the end of the tube reaches a level of -12 db below
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saturation, the electron velocity will start to spread at a distance
correspording to 10 db power gain toward the input end of the tube as
measured fror: the output end. If the phase velocity of the slow-wave
circuit starts to decrease at the same distance from the output end,
the synchronism condition betweer the, circuit and the beam can be
improved.

To evaluate this effect znalytically, one may either perform non-
linear numerical aralysis, which undoubtedly wili ve more involved than
that in the uniform circuit case to obtain a precise solution, or extend
the small-signal analysis to give an approximate result. In the fol-
lowing varagracns, an extended small-signal analysis will be developed
and a practical example of a tapered amplifier with a six-cavity linearly
tapered cloverleaf structure will also be given.

The approximation process employed here is essentially the same as
that used previously in considering the case of backward-wave oscil-
lations, except that the average electron velocity is also varied from
section to section. In other words, the tapered portion of the tube
is now considered as composed of a series of "sub-tubes". each having
different circuit dimensions and beam velocities. The term "sub-tube"
is used here to indicate that each cavity of the taper is considered
as a small section of a uniform circuit tube ouilt with cavities of the
same dimensions operating at a beam velocity equal to the average
electron velocity at the position of the particular cavity in the taper.
Since in this process only the beginning of the nonlinear oreration region
is of interest, the approximation should be good if the circuit tapering
is small and the input signal level is not too far from the small-signal
operating values. Unfortunately, the average electron velocity change
in a tapered tube is unknown due to the lack of a suitable nonlinear
computation, or experiments similar to those Cutler did for the uniform
circuit tube case. But, if one considers the problem sligntly differently,
one may obtain an upper btound for the expected increase in gain without
knowing this information. From knowledge of the type of circuit tapering
it can be seen that the phase velocity of the ecircuit is decreased suc-

cessively when one proceeds toward the output end of the taper, and, if
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the tapering is small, the final electron velocity spread in the beam
will not differ drastically from that of & uniform circuit tube with

the same tube parameters. Hence, one may choose a series of average
electron velocities between the initial velocity ard the final average
electron velocity which, as mentioned above, could be found roughly from the
uniform circuit tube results, and compute the gain for each of the
"sub-tubes" mentioned above. From these results one can find that the
position corresponding to the optimum gain, which is chosen to be at

the beginning of the taper at the initial electron velocity, will shift
toward the output end of the taper, when the average electron velocity
decreascs. For a schematic example of this process, Fig. 2.13 shows

a six-section taper with eight assumed averaged electron velocities.

The g's in the table may represent any of the tube parameters. Each
column represents the value changes for each "sub-tube" parameter when
the average electron velocity changes. Each row indicates the parameter
change for a certain electron velocity. For instance, the g's may
represent the gair of each "sub-tube." Then each column indicates the
gain variation when the average electron velocity changes. On the other
hand, each row indicates the gain change when the average electron
veloeity is k:pt constant. For instance, the first row in the table
gives the vr.lues for initial electron velocity. If the g's represent

the galr, then the sum of 817’ 812"”816’ i.e.,

will give the total small-signal gain in the tapered portion of the tube.
The total gain of the tube will be n x 810 plus the sum shown above,
where n 1indicates the number of untapered cavities in the tube. If
the circled g's represent the optimum gain obtainable for each electron
velocity, and if at a certain input level the average electron velocity
decreases slong *he taper w!th values corresponding to those of the

circled g's, the total gain of the tube will have the highest value.
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In other words, the sum of circled g's will form the upper bound for the
possiblé improved tube gain. For other input levels, the average electron
velocity will start to decrease either before reaching the taper or inside
the taper; these, as can be seen from Fig. 2.13, will all g{ve less total
gain in the tube than the summation of circled g's.

The example of a six-cavity linearly tapered clover-leaf structure
previously discussed will again be used here to illustrate the approxi-
mation method. The amplificatior at a mid-band frequercy of 3060 Mc/s
will first be considered. From the circuit parameters of the untapered
cavities, it is found from Cutler's results that a tube constructed from
identical cavities has a final beam velocity at this frequency of the
order of 0.42 x 108 m/s with an initial beam velocity of 1.76 x lO8 m/s
at 12C kV beam voltage. Therefore, eight intermediate electron velocities
are assumed in computing the gain for each "sub-tuve." The «-f diasgram
for the taper obtained from the measurement described in Chepter III has
already been shown in Fig. 2.7; however, s more detailed one for the
amplification passband is shown in Fig. 2.14. The abscissa in the later
figure is plotted in the propagation constant, B , and the phase cshift
per section, PBL , is also indicated. In the figure, L is the

in
length of untapered cavity. The Ll’ L L , are the length of the

yeeesl
tapered cavities from number one to the2last c::;ty which is iadicated as
Lbut . The interaction impedance of the taper 1s than computed from
frequency perturbation results given in Chapter III and is plotted vs

cavity number as shown in Fig. 2.15. Since the interaction impedance is
independent of the beam parameter, it is a single value for ezch "sub-tubde."
The results shown in the figure are coincidently linear for this irequency;
however, they are not necessarily lineer for other f{requencies. The reason
for it being a decreasing function of cavity number can be easil,” seen from
Plerce's argument.8 The dimension change due to circuit tapering will, of
course, decrease the value. The values of the modified "" parameter are
shown in Fig. 2.16 as a function of cavity number in the taper with beam
velocity as a parameter. The modification is made by considering the beam
voltage VO in Eq. (2.2) as the equivalent beam voltage corresponding to

the reduced average electron velocity in each "sub-tube." However, the
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original value for dc current, IO , is used in computing the C's |,
since even though the electron velccity is reducea, the electron dersity
may increase in the region of the taper.

Figure 2.17 shows the change of velocity parameter, b , with
respect to the change irn cavity number, and with the electron velocity
again as a parameter

The space-charge parameters, QC , are shown ir Fig. 2.18 as a
functicn of the number of cavities with beam velocity as a parameter.
In evaluating this parameter, the reduced plasma freguerncy is assumed
to change with the electron velocity, and the beam diameter is assumed
to be always GO percent of the cavity central aperture diameter, which
is nearly the actual case.

The above parameters are tabulated in Table II.1. From these

paraneters, a set of x, parameters are obtained from Birdsall and

Brewer's computations}eland are plotted in Fig. 2.19a, b. It is inter-
esting to note from the curves of Fig. 2.1Ga, b that the peak value of
Xy shifts toward the output end of the taper as the average electrcn
velocity decreases.

From the value of the xl's, the gain of each "sub-tu®e" for each
reduced electron velocity can be calculated. However, the total gain of
a tube with an input section of eleven untapered cavities and an output
section consisting of five untapered cavities and a six-cavity linear
taper mentioned previously, is shown in Fig. 2.20 for three different
cases. The curve marked “optimum case" is obtained by considering each
"sub-tube" as having its maximum gain, which gives the higrest gain
obtainable in a tapered tube, and corresponds to the case of the circled
g's mentioned earlier. The middle curve denoted by b = 0O is obtained
by assuming that the electron velocity is always the same as the circuit
phase velocity. The total gain of the tube which can be seen from the
figure is less than the optimum case, but still can be 2.1 db higher
than the strictly small-signal case. The lowest curve in the figure is
the strictly small-signal case, that is the case by considering that
the electron velocity is the same throughout the tube, and that the total

gain is the lowest compared with the other two cases shown in Fig. 2.20
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TABLE II.1

PARAMETERS OF TAPERED SECTIONS
FOR
DIFFERENT ELECTRON VELCCITIES

f = 3060 Mc
Uo STD
—s Inbut No. 1 No. 2 No 3 No. &4 No. 5 No. 6
x10 P
1.76 Qe = .166 172 .179 .186 .195 .207 .219
b = +.700 +.864 -1.08 +1.274 +1.475 +1.71 +1.97
C = .157 .15k .150 .146 .141 .136 2131
X, = .813 .81 .803 .79 .756 .69 ¥
1.7 QC = 171 .1768 .18% .191 .201 212 224
B = +.458 +.610 +.780 +.960 +1.15 +1.35 +1.60
C = .162 .158 s 15l .150 .145 .1k0 L134
x, = .79 .81 .81 .81 .79 7 .72
1.64 Qe = .176 .180 .187 .196 .205 217 .228
b= +.206 +.362  +.506 +.678 +.834  +1.04 +l.22
€= .167 .1€3 .159 .154 .150 L1hk .139
X, = 76 78 79 .80 79 79 7
1.58 QC = .181 1185 .192 .1995 .210 .220 .233
b = -.017 +.118 +.2L6 +.400 +.53C +.725 +.902
C-= 172 .168 .16k .159 154 .149 . 1h3
x, = .69 AT LT3 .76 i1 - -TT N
1.52 QC = .184 .188 .196 . 204 .213 224 .237
B = -.224 -.115 .0 +.139 +.262 +.415 +.575
o= .178 178 .169 164 .159 <154 .148
x, = .61 .65 .68 .69 .71 .13 .76
1.46 QC = .188 .192 .200 .207 .216 .226 .2bg
El= -.432 -.328 -.212 -.0905 0 +.138 +.27k4
C = .184 .180 175 170 165 159 153
X, = .533 .566 .594 .625 .65 .66 .69
1.4 Qe = .193 197 .203 .210 .220 231 .2kl
b= -.615 -.516 -.422 -.318 -.234 -.121 0
C= .190 .186 .181 176 .170 .16k .158
x, = .393 437 .499 .534 537 .566 .60
1.34 QC = .195 .200 .206 .213 .223 234 .ouT
b = -.761 -.70L -.620 -.534 -. k64 -.357 - ST,
® = .197 .192 .187 .182 176 .170 .163
x, = 271 .28 .35 .396 RSN L4l2 .46
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FIG. 2,20--Total gain vs tapered section numbers at 120 kV for f = 3060 Mc/s.
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It can be seen from these results that for an observer at the output end
of the tube, a 2.7 db gain increase may be observed whern the input signal
level is increased beyond the small-signal operating values. Thia means
that in the transition region between the strictly small-eignal operating
and saturation regions the gain of the tube may increase beyond the small-
signal value.

The power-in vs power-out curve may have the shape shown in Fig. 2.21.
This gain increase property also occurs at other frequencies, though “he
amount of increase will vary with frequency. At 2920 Mc/s, for example,
the same tapered tube gives only a small optimm calculated gain increase
of 0.9 db wvhen the input signal level increases beyond the small-signal
levels. The results for this frequency are plotted in Fig. 2.22. The
total gain of the tube is higher than that st 3060 Mc/s; however, on a
graph similar to that of Fig. 2.21, such a small increase may be difficult
to notice. One would notice, however, that the linear region extends to
wvithin a few db of the saturated output power instead of the usual 10-15
db in an untapered tube.

D. EFFECT OF CIRCUIT TAPERING ON EFFICIENCY

It has been shown in the last section that the improvement on the
forwvard-wvave amplification due to circuit tapering when the tube is
driven can be approximated reasonably well by direct application of the
smll-signal theory. However, when studying the efficiency of the tapered
t ube, such an approach can hardly provide any useful results since the
efficiency is measured when the tube is driven to saturation, an entirely
large-signal phenomenon. One approach to this problem of estimating the
efficiency 18 to extend the large-signal analysis of the uniform circuit
tube to account for the variation of circuit phase velccity in a tapered

13,14 But, vhen dealing with a solid beam untapered tube, the
15-20

emplifier.

existing large-signal theories all show some common deficiencies.
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For instance, as pointed out by Cut].er,5 the calculated efficiency values
are, in general, higher than vhat can be obtained from the experiment.
It 1s mainly because all the large-signal theories are essentially
dealing with one dimension only, and consider the eircuit field and
space-charge force to be constant across the beam. Hence, except for a
small beam, or & hollow beam case, all the large-signal theories, though
in agreement with each other,a can hardly give correct results. In
some cases, an error of 25 percent has been observed.22 Furthermore,
for high-pover traveling-wave tubes, such as the S-band clover-leaf tube,
S-band centipede tube,’7 etc., operating in the megawvatt power range, the
electron velocity in the tube is comparable with the velocity of light.
The relativistic effect can no longer be neglected. But the large-signal
theories to date are all based upon a low pover as well as low electron
velocity tube model, and the relativistic effect 1s, in general, neglected. (1-)4
To deal with tapered high-power tubes, some modifications to the large-
signal theories are inevitable, and more assumptions must be sadded in order
to desceribe the variation of the circuit tapering. Even 1f such a modi-
fication can be made, it 1s doubtful wvhether the results would justify the
effort since the results would be only as good as the assumptions.
Fortunately, an empirical study of large-signal behavior of the
unifora c¢ircuit traveling-wave tube has been successfully carried out.
From the results of this study, a qualitative understanding of the effect
of circuit tapering on the tube efficiency can be readily derived. On the
spent-beam study of a scale model tube, Cutler22 revefled the nature of
tube saturation by interpreting the experimental results in the form of a
velocity-phase pattern. A set of such velocity-phase patterns for the small
QC case is shown in Fig. 2.23, wvhich i1s the seme as that of Cutler's, except
that only six input level cases are presented here. A brief description of
these patterns will de given in the following parsgraph. However, it 1is
suggested that the readers refer to the original paper by Cutler, since the
following paragraph is intended only to refresh the memory of those vho are
already familiar with the original literature.

23

(l)hception: J. E. Rowe made some modification to his theory.
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electron velo:ri*y, zuirrern- density and circuit voltage as a functior of

cnase, for o rarticilars cigral input level. The case showrn in Fig. 2.23

is for a tule with C = 2.1, @ = 0.06, yv. = O.4 end t© = 0.26 . Ar
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tne circuit field at the inrut erd of

tre tute, =ani *re ele~tron: ara accelerated or decelerated according to
treir rhase reistive *2 tle wave, TFigure £ 23z shows a tyrical low level

or linear casze witn Iinz.t power 22 db below the input power for saturaticr
ent of the ccale moiel tute, it can also bte considered as that existing
screwnere rear the input end when the output end of the tube is at
saturaticon. This 1s because in a traveling-wave tute the power gain is

a furnction of the length along the tube. Therefore, velocity-phase
patterrns for different drive levels can bte considered as the velocity-
phase patterns in different locations along the tube. After the team
travels a distance from the input end of the circuit, the electrons in

the team consclidate into a short rhase interval in the decelerating

phaze region, as shcwrn in Fig., 2.23b which correspords to an input Ariv
lesel of +12 1% telow saturation drive. At tnis location, or correzporiing
drive level, the rnonlinearity in the beam is evidernt, ard the velocity and
current are rn.o longer sinusoidal. Furthermore, a spur in the velocity
~urve 1s clearly shcwn, arnd a definite nonsinusoidal bunching exists in tre
retarding field region. As the beam is traveling further toward the output
end of the tube, such as shown in Fig. 2.23¢c, which corresponds to a drive
level + 4t ctelow the caturatiorn drive level, the electrons in the retardirg
field region rconsolidate into even shorter phase intervals, However, more
electrons tleed into the spur which, in turn, has penetrated into the
accelerating rhase regicn. It is interesting to note that the electron
velocity in the rhase region between 600 to 180O has not changed signi-

myoe

ficantly. Thic carn te true only if the space-charge field just compensates
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for tne caircuit {ield, suck togt the total decelerating field is zero.
dxwever, rear tue spur, the space-c:arge Tield is aprarently reversed

acclriing to the evidence of the sharr Jeceleraticr. and the forming of
Tie 5 poE Ac tre bteam itravels firtter Jowr ire L.y, more electrous

are btled into the acceleration prase arnd form anotrer electron tunch in
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Evidextly,z few electrons ir the right-
nand tip of the electror burch in trhe decelerating r"ase regior. can no
longer fird trne space-crarge field sufficiert tc Talunce the cirecui-
fielé, ar; ttey sre decelerated irtc a secomz lcw velocity loop As

tne tear reaches a locatiorn corresvporndirg to saturaticn drive level,
i.e., 0 dt, as stown in Fig. 2.233, more thar. 55 percert of the total
electrons are ccrsolidated ivto two equal turches w:itn opposite phases,
such inat the erergv given ip to the circuit wave at tre decelerating
vhase region is at tre same rate as tre erergy absorted by the electrcns

from the circuit wave at the accelerating prase regiv:. Trerefore, a

-

"y

ower calarce is actually formed in the tube At even higrer drive levels,
suck as shown in Figs. 2.23e arnd f, electrors ccrtirue to bleed from the
decelerating phase bunch to tte accelerating phase tunch. The bunch in
the acceleratirg prase region develops further into two parts. One part

is accelerated atead into a new spur, and another falls further back in
cthase, For .5 even higher drive level, thre patterr. tecomes too ccmpli-
cated and is utterly indescribatle.

At the saturation level, most electrors are ir two bunches in the
opposite phases. Thus the efficiency of the tube can te determired very
closely by the velocities of the electrons in the two bunches provided
that all tre kinetic erergy lost by the electrors is converted into rf
energy in the circuit wave. For instance, in the example cited in
Fig. 2.23, the two bunches have nearly the same velocity change of -1.1

at saturatioxz level, i.e.,

2VOC
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Then the efficiency of the tube should be nearly

k& Power Qutput AV

DC Power Irput V.

where C 1is Fierce’s gairn parameter

Therefore, if a taper is properly desigued to increase the efficiency,
ther. at saturatior the velocity-phase patterr at tne output end of thre
circuit will have a muck larger value of A¥/2V0C for the two bunches with
opposite phases than that obtainable from the correspording untapered tube,
that is, a uriform circuit tute built with a circuit iderntical to that used
ir the untapered porticn of the tapered tube.

In order to urderstand the effect of the circuit tapering on the effi-
ciency, or equivalently on the velocity-phase pattern, let us consider the
cnange in the phase angle due to circuit phase velocity tapering. Figure
2.cb shows a time vs distance plot. The phase velocity is represented by
dz/dt in the figure. For a constant phase velocity, such as in a uniform
circuit tube, or in the untapesred part of a tapered tube, the phase velocity
can be represented by a straight line with constant slope, as Vpy irp
Fig. 2.24, which represents the phase velocity of the untapered part of
the circuit. When reaching the tapered part of the circuit, the phase
velocity changes to a lower value; thereicre, the slope of the line will (1)
1

also be changed, such as the change in the Vp, line shown iu the figure.
e

Since vp1 > Vps the new line will lie below that of tre vpy lire.

When the phase velocity is going through a further aecrease in value,
the slope of the line in <ig. £.24 will have adiitional chanzes. For
Vpp 7 Vps > Vpy > Vp, s the changes are represerted in Fig. 2.2k,
respectively.

Due L0 the decrease in phase velocity, rierce's velocity parameter

t and the axial phase constant B w:ill alsc nave consequeritial changes.

(1)In an actual tapered tube, the phase velocity in the tapered
region will not have the abrupt changes as skown in Fig. 2.24. Tris is
because the clover-leaf cavities are closely coupled together. Hence
the change in phase velocity should be smooth. The purpose of Fig. 2.c«,
however, is only irtended to serve as a qualltative {llustratior.
Therefore, ty rerresenting the changes as shown in the figure it does
not deteriorate the gererality.
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FIG. 2.2L4--Time-distance plot along & tapered TWT where
v >V >v. >v - ety (EEC,
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Hence, to an observer in the original phase velocity frame, the change

in phase velocity corresponds to a shift in p*ase angle. This is also
represented conceptually by the small waveforms superimposed on the

phase velocity line in Fig. 2.24. It can be seen from the figure that

as the phase velocity is decreased, the waveform will shift to the left

in the original phase velocity frame. In the velocity-phase diagram,

a decrease in circuit phase velocity also corresponds to a shift of
circuit field to the left. A typical example is shown in Fig. 2.25,

which represents a velocity phase diagram viewed at the jurction “etween
the uniform and tapered portions of a tube at a certairn input drive level.
Howvever, instead of circuit voltage, circuit field intensity is plotted.
The solid line denoted by E 1is the field intensity in the original phase
velocity frame. 1In other words, it forms the pattern in a uniform circuit
tube at the same location with the same input drive level. 1In a tapered
tube, the electrons can only see a retarded field shifted to the left of
the pattern of the original phase velocity frame, irdicated by the broken
line marked E° 1in the figure. Hence, the field situation in the beam
will be altered. For instance, at the phase angle just to the right of
the spur, the retardation field is increased due to the shift of the field
as shown in Fig. 2.25., Therefore, the aforementioned balance between the
circuit field and the space-charge force can no longer be held, and a net
decelerating field will result. Consequently, the velocity line at this
phase interval will be moved into a lower velocity region. If a taper is
properly designed, the electrons in the main bunch will be decelerated
into lower and lower velocity regions when the beam travels closer and
closer to the end of the tapered tube., Finally, when reaching saturation,
the two bunches of electrons in opposite phases will have a much higher
value of AN/ZVOC , and therefore will have higher efficiency.

However, a proper taper is very difficult to obtain. 1In the fol-
lowving paragraphs we will consider several factors which complicate the
design of the taper.

Cutler showed in his paper5 that when the space-charge factor QC
increases, the electrons in the beam will not consolidate into a short
phase interval, such as in the case shown in Fig. 2,26 for QC = 0.48

at saturation. Thus, when the beam enters the taper, we encounter a

- 58 -




2 +
Ja's | — +E: +E
Ve N 1 — >0 E
-1 e
L -E
-3 | P
240 180 120 60 0 60 120 180 24o

Relative phase in deg.

FIG. 2.25--Velocity as function of relative phase,
vhere E 1is uniform circuit field,
E° 1is tapered circuit field, and
&2V C 1is relative electron velocity

changeé.

-5 -




Y

b

g 3

'E 2

e 1

o 0-—-——-———4—--'-— é.— —y 'v

e Fy o Vv
o -1 e
r?'lao /'/ vﬂ'
v , =2 - et

@ _3-————-—.

3 ® h

v g -

~ o

0 O

[« 4 (4]

20 180 120 60 0 60 120 180 2%
Relative phase i degrees

FIG. 2.26--Phase-velocity for QC = 0.48.




serious problem immediately Trat is, even he electrons rear the spur
are decelerated into a lower velocity region and the right hand tip of
the mair btunch mav ve accelerated into a higher velccity region. In
other words, even thougr some of tnhe electrons lose much more kiretic
energy to the circuit wave than ir the untapered case, other electrons
will again take it back from the circuit. Consequertly, the efficiency
may not be improved buit the velocity-phase pattern will be much disturbed.
In additior to the space-charge rarameter QC , the starting posi-
tion of the taper, the rate of *“apering, and tre lengtl of the taper all
vlay vital parts irn tte successfulness of a taper Let us refer back to
Fig. 2.23 1If a taper starts too soon, for instance as ir Fig 2.23b,
ve will run into a similar difficulty as in the high QC case. And if
the taper starts too late, such as in Fig. 2.23c, too many electrons are
already in the accelerating phase region Then the satiration will socn
be reached, when tte velocity of the electron burch in the decelerating
thase region is only decreased a small amount. The efficiency, therefore,
can only be improved by a small amount. As mentioned earlier, a properly
designed taper should be able to decelerate the electrons into lower ard
lowver velocity regiors. 1Ir other words, each cavity in the taper should
have an additive effect to the preceding cavity In order to achieve
suck a taper, the rate of circuit tapering must be proper. If the cir-
cuit tapering is too slow, the balance between the circuit field and the
space-crarge force is disturved so little that hardly any improverent on
the efficiency can be accompl:i.shed. If the tapering is too fast the
E-field is decreased so much for the part of the main bunch in the
decelerating phase that the space-charge force can no longer be balanced
out. This means that the electrons in this region may be speeded to a
higher velocity, thus deteriorating the efficiency. The rate of tapering
may need to change from cavity to cavity, since the velocity-phase pattern
will be charged due to toth the power gain and the circuit tapering
The effect of the length of the taper is essentially the same as the
starting point of the taper, but in some cases, it is different, for
instance, in the case of a taper designed to serve more than one purpose,

such as to improve the efficiency arnd the stability

=




Circuit tapering for improved efficiency has been studied experi-
mentally by several aut,hox's.13 »24,25 However, to the knowledge of the
author, no optimum design has been achieved.

The experimental tapered tube studied in this paper is used mainly
for eliminating the pulse-edge oscillations » and che tapering in the
forward-wave interaction region is purposely made small, so no efficiency
improvement is expected from this tube.




CHAPTER 111

DESIGN OF A LINEARLY-TAPERED TUBE

A. INTRODUCTION

In the previous chapters various types of cirzult tapering have been
discussed, and their effects on the tube performance have been predicted
from a th<gretical point of view. 1In order to verify these predictions
empirically, a tarered tibe with & six-cavity linearly-tapered chairn was

usea. In Lnls crepter, the desigrn of this tapered circuit as well as the

2

esign ol other components of the tapered tube are givern in more detail.

o

The aethods used to measure and Lo evaluate various parameters are &lso
described and the results are presented. The properties of this tapered
circuit have been cited in earlier sections to illustrate various effects

of circuit tapering, and in some cases, such as in the study of backward-
wave oscillations., and in forward-wave amplifications, quantitative estimates

have been obtained.

B. TAPERED CIRCUIT DESIGN

There are many high-power TWT circuits which could be used in constructing
a tapered tube to evaluate the effects of circuit tapering on tube performance.
However, after comparing various properties of these circuits, it is found
that the well-known clover-leaf structure has several advantages over the
other circuits. An obvious one is that this circuit has a comparetively
simple construction and a very simple relationship exists between its
electrical characteristics and its physical dimensions. 1In addition, cold
circuit characteristics as well as test results from an(untapered tube
t.uilt with such circuits are availgble for comparison.

Ir. an earlier work of Craig,2b it was found that the n-mode cutoff

frequency f“ of the clover-leaf fundamental passband is related to the

= 63 |-
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central aperture diameter of the structure by & simple cubic equation

£ = k+ qd3 , (3.1)
where d 1is the centra! aperture diameter, q is the dimension conversion
factor, and k 1is an empirical constant with dimension of frequency. This
is consistent with the predictions of Bethe.27 For circuit dimensions
shown in Fig. 3.1, k was found to be 3280 Mc/s. Or the other hand,

the O-mode cutoff frequency of the passband is related to the slot length
S.L. in a linear manner, shown in the figure, provided the change is made
at the inner end of the slot. A general example of such a variation is
shown in Fig. 3.2 which was measured from a structure consisting of several
clover-leaf cavities. 1If a change is made on the section length, then

both the n-mode and O-mode cutoff frequencies will be varied. An example
of such a variation is shown in Fig. 3.3 where the section length is
decreased successively from L1 to L5 , and the O-mode and n-mode
frequencies are pushed further apart. Hence, by varying these three
dimensions properly, a prescribed tapered circuit could be obtained.

The first problem encountered in the course of designing the experi-
menital tapered tube is to determine the kind and the amount of circuit
tapering needed. Since the main purpose of this tube is to evaluate the
effect of circuit tapering on the pulse-edge oscillations, the taperirng
scheme shown in Fig. 2.5 (which provides both upper cutoff frequency
tapering and phase velocity tapering) appears to be an adequate one. For
ease of identifying the effect of circuit tapering from tube test results,
a tapered circuit with linear changes in both upper cutoff frequency and
cavity heights with the manner shown in Fig. 2.5 is desirable.

In the study of electron distribution in a spent beam at saturation
level, Yadava11128 showed that, for a uniform circuit TWT built with
cavities identical to the untapered cavities used in the linearly tapered
tube, the electrons in a saturated electron beam have a distribution in
velocity as shown in Fig. 3.4. The electron velocities in the figure
are indicated by beam voltages which are normalized to the injection beam
voltage, VO ; which is 125 kV in this case.

From this distribution one can see easily that at the saturation level

most of the electrons in the beam possess a velocity corresponding to 0.63 V
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If a simlilar situation exists in the taperea tube and the velocity spread
of nearly the same order is maintained, then by tapering the phase velocity
in the forward-wave region of the clover-leaf structure down to this value
at synchronous frequency, the forward-wave interaction could be enhanced
due to the improvement of synchronism conditions near saturation. But,

at the pulse-edge oscillation frequencies, the circuit phase velocity
should be tapered more, such that the circuit wave is slowed more than

the beam, and the interaction for pulse-edge oscillations becames so weak
that oscillation can not be built up as discussed in Chapter II.

In the actual linearly tapered circuilt design, the desired circuit
tapering is achieved by changing the dimensions of the central aperture,
the cavity height, and the slot length of the clover-leaf structure. By
enlarging the central aperture successively, the upper cutoff frequency of
the fundamental passband is increased by a total amount of 100 Mc/s for
the six-cavity linear taper, at a constant rate of increase of 16.67 Mc/s
per cavity. The cavity height is decreased from the untapered value of
B/h in. successively to a final value of 5/8 in. as shown in Fig. 3.5.

The total decrease is about 16.7 percent of the original cavity height.

At the same time, the slot length is decreased successively in order to
maintain the lower cutoff, or the O-mode frequency at the same value for
all cavities in the taper, for the reasons already stated in Chapter II.

By making the above dimension changes, & six-cavity taper with a dispersion
in Fig. 2.5 is achieved. The measured w-f diagram znd the cube root of

2
interaction impedancz, E /2Bi , are shown in Figs. 2.7 and 2.8, respectively.

C. "COLD" CIRCUIT MEASURD(ENT529 AND EVALUATION OF PARAMETERS

In the measurement nf the "cold” circult characteristic of a tapered
slow-wave structure, the conventional cold test measurement techniques
can no longer be used because the periodicity requirement necessary for
the application of these techniques is not fulfilled any more in the
tapered circuit case. However, for a smooth and gradually tapered circuit,
a good approximation can be obtalned by interpclating the results from
the measurements made by considering each cavity of the tapered circuit
discretely. 1In practice, such results can be obtained by measuring the

characteristics of structures consisting of cavities identical to each of

- 69 -




Gt JWNOIL

43A3S WOY¥4 SNOILD3S 30 'ON

HOo 6 8242 9SS v € 2 1 O
] 1 1 L} I 1 1 1 1
S/ONOBYE LV mmm.Tno.
$/9N 0662 LV 916/ ¢,
.529°0
,0S2°0
S/ONOBEE LV € Th
S/9N 0662 LV 885/ 4,
NOILD3S LNdLNO HOS
3ONVLSIA HLIM LHOI3H ALIAVD NI NOILVINVA

HL19N37 NOILO3S

- 70 <



the tapeyed, CaWIL ®s Ti L@mEe fisuald' unl Xorm olmeupt '_CC."..'IIQ‘..»S- igure ¢ Lic

shows such measuremen® for <he _irnear.y tenered circultl aerein progposed.

the "outpui® curves are Jbtalined from apother siructire consisting of six
cavities idemtiecal! Lo the last caviiy in tae tapered circuit Trese 142
sets of curves form tne upper arnd lower tCouncs {or the cnaracterist.c. of
all the tapered cavities. 1In oulner words, any intermediate caviiy s.ooulc
have a similar dispersicon curve lying somewnere telween Lhese WO exirermes
In order to check the linearity of {he ‘sperec circuit, siructures made
of identical intermediate tapered cavities have teen measured. The resultcs
from such measurements chowel good .ineariiy =f this taper.

The phiase velocity normalized <o the electron velocity at the normal
crerating voltase of 125 ¥V of tre fcrward-wave and the bLecxwarg-wave o

1

he "input" and "output” curve as a function oI frequency in the findamental

ct

passband Is shown in Fig. 3.: Tie velocity aistribution earve of Fig .-

.5 also reproduced and superimposed on the figure, so that one can easily

compare the electron velocity spread in the saturaced team with Li.e prase
velocity at the synchronous frequency corresponding to 125 kV. However
attention rmust te given to making the comperison in the figure, since

the abscissa represents different things for these <wo families of curves.
For a quantitative comparison of trhe phase velocity in the forward-wave

and the backward-wave regions of the Tundamenial passtand. the 1012] change

)

of phase velocity through the tapered circuit as a percentage oI the phac=z
velocity in the uniform circuit for both waves is pisctted as & function of
frequency in Fig. 3 7. It can be seen from trhis figure that the chase-
velocity tapering for the backward-wave ircreases linearly as the {reguency
approaches the n-mode cutoff frequency of the uniform circui.. Such a-n
inecrease in tnase velocity tapering, as analyzed in Crapter IT, should

have a pronounced effect on the backward-wave oscillations which usuaslly
exist in this freguency region in a unifeorm circuitl case. In the mid-band
frequencies of the forward-wave {undamental passband. the phlase-velozivy
tapering is nearly constant with frequency, consistent with the design
value previousl; discussed This resu.t indicates trat the forward-wave
interactioi of tune tute may be enhanced in this tand of frequencies by

the tapered circuit
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The frequency perturbations measured in structures consisting of
identical untapered cavities and of identical cavities the same as the
last cavity in the tapered circuit are shown in Fig. 3.8. These results
are obtained by the usual perturbation techniques.29’30’31

A uniform sapphire rod of 0.100 in. diameter was used to perturb the
axial E-field in a structure consisting of several identical cavities.

The frequency perturbation Af so obtained and the values calculated at
the edge of the central aperture of the clover-leaf circuit are normalized
to the corresponding mode resonant frequencies f , and are plotted vs
frequency in the figure. These two sets of curves, marked "input” and

"output,” respectively, again form the upper and lower bounds of all the
values obtainable from the intermediate cavities in the taper. The
caiculation of the frequency perturbation at the eige of the central
aperture is made because the diameters of these apertures are progressively
increased as one proceeds toward the end of the tapered tube. It is more
reasonable to compare the fields at this position because the electron
beam normally spreads at high modulation levels and will always nearly
fill the holes. One may note from this figure that the difference in
frequency perturbation between "input” and "output” curves is not great.
Therefore the effect on the gain parameter, C , is small since the cube
roots of Af/f are involved in obtaining this parameter.

From these frequency perturbation measurements, and the w-f diagrams
shown in Fig. 2.12, various TWT small-signal parameters can be deduced
for the untapered cavities and the last cavity in the tapered circuit.
These two sets of parameters will again form the lower and upper bounds
for the parameters of the intermediate cavities in the taper. The detailed
procedure for evaluating these parameters will be presented in the Appendix.
A summary of the computational results is given in Tablie 1II.l, where Db

is the velocity parameter which is defined as

< | c
o |o
1]

where 45 is the beam velocity, and vp is the circuit velocity. The
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A.

B.

SMALL-SIGNAL CIRCUIT PARAMETERS
OF LINEARLY TAPERED CIRCUIT

Untapered Cavities

£
2822
2977
3187
3295

f
2822
2977
3187
3295

TABLE III.1

AT BEAM VOLTAGE 120 kV

(Constant beam velocity)
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b

0.265
-1.03
-2.52
-3

BC/section

3.46
2.50
1.96
1.55

last Cavity of the Tapered Circuit

BC/section

3.8
0.94
0

0




QC is the space charge-parameter defined as

3 — (D/UJ

1+ w /e
g

where w_  is the modified plasma frequency, and BC is the gain parareter

defined as

D. TAPERED TUBE COMPONERTS DESIGN

Two versions of a linearly tapered tube have been tested. The first
version consisted of sixteen untapered cavities and six linearly tapered
cavities. The slow-wave structure was severed at the middle by means of
an attenuator and decoupling plate as shown in Fig. 3.5- The attenuator
disks were made from carbonized ceramics and when used in conjunction
with a special housing provided a good terminatlion to the zircuit over a
broad frequency range. The structure on the left in Fig. 3.10 is one of
the two matching structures, or the housings at each side of the sever.
The one shown on the right is the carbonized ceramic disk and decoupling
plate assemblage. The drift tube shown in the center of the structure is
also used to prevent direct bteam tombardment on the ceramic disks. This
sever and network divides the tube circuit into two isolated parts as
shown in Fig. 3.9; the input part consists of eleven untapered cavities
and the output part consists of five untapered and six linearly tapered
cavities. Also indicated in the figure are the cavities attenuated by
lossy rods and Kanthal, a lossy metal, which has been sprayed on the inner
surfaces. The lossy rod provides more attenuation in the higher passbands
than in the fundamental. For the second higher passband near 5400 Mc/c,
a cavity loaded by four of these rods provides 1.7 db loss as compared to
0.4 db loss in the amplification band. The construction of such a cavity
is shown in Fig * 11 1In addition, Kanthal is sprayed over cavities to

minimize any reflection from either the rods or from the disk termination
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FIG. 3.9--Distribution of loss in tapered TWT,

- 78 -




FIG. 3.10--Cloverleaf termination and housing. (10 MW TWT)
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at the sever. The first version of iluic axmplifier was later modified by
the addirion of elght more .ntapered caviiies Tre criginal model was
demountabie so tne modification was achieved cizply py inserting a middle
ction, consisting of elznt cavities IZentlcal 15 tnose comprising the
input sectfon, and an adilitional sever sectlorn teiween this and the output

section of the original tute. However, the Input sec:iion was one cavity

less than the original bercause the Inpur coupler was rep.eced In the

second version. The purpose o the acdlitional eliznt-cevity section was

simply to 2005t ‘ne szeil-signal gain of the amplifier, and nence inere

waes no need 10 change in the tapered circuiz A scrhemptic diagrar of
the modified vercion 1c 3hown in Fig. .12 with reievani 8tienuators

indicated.

Different paris of the slow-wave 2Ircuit in the tube are joined Tty
demountable junctionc at tne severc. That Is, Instced of trazing together
the differenz parts of ttre tapered =ite, they are jolined together ty com-
pression oenly, Which fc providee Ty four Tension pars ouiside the circuit.
These junctions were expectad Lo Te no Gifferent Irox that or ordinary
brazing joints from an electiricel point of view terause they are located
at the sever sections, so little, If any, rf current appears across thexm.
In order to secure good vacuuz pressure, & stainless steel envelope was
provided which enclosed the slow-wave circuit and was heliarc-welded to

each end of the circuit The demountable constiruction permitted the taking

o]

apart and re-assemcly of the tuve with eagse, such that any modificetion of
one part of the clrcuit couid te made easily withoud disturkbing the rest
of the circuit Fur<termore, the collectcer and the eleciron zun were aiso
joined to the slow-wave circuit by heliarc-we’dc, and could be easily
removed and replaced.

The input couplier of ine ‘apered tuce was designed Lo provide a matched
transition between the type-N inputl coaxia. cat.¢ and the inpul section of

the “ube

Iy
Y

@]

cuit over the entire ‘undamental passtand ol the untapered
cavities which comprices the inpur par: o the wute rirzuit, IU was maede

small enough to pass through the focusing solenoid. This coup.er consists

of essentially & length of cymmetrical modified Y-shaped coaxial iine anad

>

relevant matching beads and sirips. A simpiified sxetch of such an input

coupler is shown in Fig. 7 13, dlthalyh not in the eéxac: proporiio The
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with a cutoff frequency of 4100 Mc/s. It can be seen that the higher
passband oscillation at 5640 Mc/s is filtered out, and the remaining
spikes are the oscillations of the lower passband. Figure 4.2c shows
the waveformrobtained directly from the input end. Note that one can
see both the incident rf pulse and the reflected oscillations though
the directional cou>ler. Compared with Fig. 42a, these waveforms show
some discrepancies. An obvious olie is that the higher passband oscillation
does not appear in the input end of the tube. This means that the oscil-
lation exists in the output section of the tapered tube only. Another
discrepancy is that the pulse-edge oscillations appear with different
shapes when viewed from different ends of the tube. This is because the
oscillation pulse contained many frequencies and the tube amplification is a
function of frequency. That is, the beam modulation by these oscillations
by the rest of the tube are both different for different frequencies. In
addition, the coupling through the directional couplers is also a function
of frequency. The oscillations observed from the output end, i.e., the
amplified oscillations, therefore appeared with different shapes than
those observed from the input end of the tube. However, when the oscil-
lation frequencies were carefully measured, it could be found that when-
ever there was a frequency at the output end, the same frequency could
alwvays be found simultaneously at the input end at exactly the same
relative position on the voltage pulse, i.e., at the same beam voltages.
In other words, the oscillations observed from the two ends of the tube
were actually the same oscillations since they were of the same frequencies
at the same beam voltages and appeared at the two ends of the tube
simultaneously. The middle section of the tube, as mentioned in Chapter III,
was designed short enough such that no independent oscillations could
build up -here, as can be shown both from theoretical computations and
from ear_ier empirical results of untapered tubes built with the same
untajered cavities. Therefore, from these data and from the reasoning
given in Section B of this charter the pulse-edge oscillations could
only exist in the input section of the tapered tube.

Unlike the one-sever tube case, the pulse-edge oscillations existing

in the input section could no longer be stopped by adjusting the available
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To collector

Output

FIG. 3.15--Output coupler.
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previously. The results of the VSWR measurement are superimpcsed on the
results. obtained from step one in Fig. 3.16. It can be seen from this
figure that mismatch now exists above the untapered upper cutoff frequency
at 3375 Mc/s. The reason for this mismatch is that each succeeding cavity
in the tapered chain has a dispersion curve cutoff at successively lower
frequencies as one proceeds away from the output coupler toward the input
end of the tube. Hence, at frequencies higher than that of an untapered
upper cutoff frequency the rf field initiated at the output coupler can

only propagate a short distance, less than or equal to the tapered circuit
length towardthe input end of the circuit, and the reflection, or reflections,
of waves so produced inside the tapered circuit makes continuous matching
impossible for more than spot frequencies. However, as mentioned in

Chapter I, when the beam voltage sweeps through this frequency region

each tapered cavity will synchronize at different frequencies and different
beam voltages; and because of the rapid change in interaction impedance

and phase constant, the tendency for oscillation at these frequencies is
expected to be small although the reflections are high. These high reflec-
tion coefficients are outside the passband of the untapered cavities which
comprise the major part of the tube and determine the bandwidth of amplifica-
tion. Unfortunately, during the brazing process, the matching changed to
same extent so that the high reflections began at 30 Mc/s below the upper
cutoff frequency of the untapered cavities as shown in Fig. 3.14. Elsewhere
the VSWR within the passband is below 2:1.

A slanted ceramic output window of an existing design was used in this
tube. It was well-matched over the entire fundamental passband with reflec-
tion coefficient never exceeding 15 percent. Its power handling capacity
was above the 2 to 3 megawatt range anticipated.

The electron gun used was purchased from Litton Industries, and

provided a 3/4 in. diameter beam with a perveance of almost 2 X lO-'6 s
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TAPERED TUEE PERrORMANCE

A INTRODUCTION

As descrived in Chapter II1. 2 linearly tapered tubte was designed
and constructed in order to evaliunte tne tnecreticzal predictions made 1r
Chapter 11 In tris chapter the =ert recults of cuen g tube are given

S

Two wersione of e tapered tuce were used In %Lie test

+3

£

(R

rst

ne

was ctuilt with one sever which divides tne <lute at tne center

*
il

+

0 two

[N

icolzted scectione  The input section of tne tube concicsts of elevern
untapered clover-leaf cavities, and the output section consists of five
untapered cavities and tne six-cavity linearly tapered circuit ac mentioned
previously. The second. a modification of the first, was almost identical
except for the addition of ancther sever and zn eight-cavity untapered
middle section between the input and output sections The original input
section was shortened from 11 to 10 cavities, becaucse of the replacement
of the input coupler

The test results from the one-sever tute, i e , the first version of
the tapered tube, are given in the following section, but, due to the lack
of sufficient gain in this version of the tube, the effect of circuit
tapering could not te cleurly determined, and therefore the resultc are
inconclusive The addition of a middle section to this tube results in
a two-sever amplifler which shows a great improvement in gain and the test
results distinctly reveal the effect of circult tapering

Comparison of the test recults with previous theoretical predictions
shows close agreement This not only proves the existence of such effect:

but also validates to some extent the methods uced in predictl.g them.
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B. PERFORMANCE OF AN AMPLIFIER WITH ONE SEVER

In this first version of the linearly tapered tute, the input section
was purposely designed long enough to give pulse-edge oscillations when
the beam is defocused slightly so that the beam diameter is increased to
more nearly fill the drift tube. Tberefore, by adjusting the focusing
magnetic field at the input section of the tube, the pulse-edge oscilla-
tions in this region of the tube can be started or stopped quite readily.
The location of the oscillations in the tube, on the other hand, can be
determined by employing the unidirectional behavior of the rf fields
through the sever. That is whenever the oscillations exist in the out-
rut section of the tube, they will not propagate through the sever in any
appreciable amplitude and thus they appear at the output end of the tube
only. Hcwever, oscillations which occur in the input section of the tube
will modulate the electron beam, and hence will irduce rf fields in the
output section and are amplified in the rest of the tube. Therefore,
they will appear at both the input and output ends of the tube simultane-
ously. Although the sever terminates the rf circuit fields equally well
in both directions, the propagation of the oscillations can only be stopped
in the direction opposite to that of the electron flow by the sever. There-
fore the location of oscillations can be clearly determined.

Unfortunately, it was found after the tube was built that a piece
of porous copper was used in constructing the input window and coupler.
The resulting leakage of air tended to poison the cathode; therefore,
only limited observations could be mrde on this tube during the short
period that the cathode remained active.

Under normal operating conditions, no pulse-edge oscillations could
be observed from either end of the tube. However, when the beam was
slightly defocused, pulse-edge oscillations of identical frequencies
appeared simultaneously on both input and output ends of the tube, and
always occurred at the same relative positions on the voltage pulse.
Since at the edges of the voltage pulse the beam voltage sweeps through
all values between zero and full operating value, each position on the
pulse-edge corresponds to a particular beam voltage. This means that
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oscillations with the same frequency observed from the two ends of the

tube actually exist at the same beam voltage. The typical waveforms of

the detected rf outrut from the tube are shown in Fig. 4.1. The waveform
shown on top in the figure was obtained from the input end of the tube.

The large square pulse shown in the center of the waveforms is the rf
signal pulse, and the narrow ones on the two sides are the pulse-edge
oscillations existing at the edges of the voltage pulse. By carefully
examining the oscillatior frequencies, one could find that tnese oscilla-
tions were distributed in an orderly fashion according to their frequencies,
with the highest frequency of 3375 Mc/s located at the innermost position
corresponding to the high=:* beam voltage, and the lower frequency oscilla-
tions toward the two ends of the vcltage pulse corresponding to lower

beam voltages. The same frequency cmn always be found at the same relative
position on the voltage pulse on the input and output waveforms. The
frequency content of the pulse-edge oscillations was found from the lowest
value of 3276 Mc/s to the highest value of 3375 Mc/s. No distinet oscil-
lation whatsoever could be made to appear at one end of the tube only,

even if the beam focusing was radically changed. Therefore it appears
that these oscillations exist in the input section of the tube only.
Unfortunately the gain of this amplifier was somewhat lower than expected,
and the tube could not be saturated with available drive power, so the
lack of independent pulse-edge oscillations in the output section of the
tube could be interpreted as the consequence of insufficient gain in the
output section due to incorrect design of the tapered circuit equally

as well as to the effect of circuit tapering. The results are therefore
inconclusive.

When the electron beam was defocused, an oscillation at a fixed
frequency of 5640 Mc/s could be observed from the output end of the tube.
This oscillation belonged to the second highest, or TM02 passband, and
was believed due to forward-wave interaction and high reflections at both
the output coupler and the attenuator since they were, in general,well
retched for the fundamental passband frequencies, but not for this higher
frequency range. More discussion concerning this oscillation will be

given in Section C.
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uaring ihe cnosT foriod tnnt the cathode of the one sever tube remalined

setive, the typical small-cignsl gein at mid-tand frequencies near 3003 Mc/s
wes =zbeut Z1 to 0 car and “-e pean Tower putrut for these Ireguencies

at rormal cperating vostage at 120 2V «ns 1 1 megawatts, which corresponded

to an efficient: cf {7 rercernt. The beam trancmission was about 85 percent

=

with a magnetic focusing field of 1 5 times that reguired for Erillouin

C. TEST RESULTS FROM AN AMPLIFIER WITH TWO SEVERS

1 Otservaticrns of the Tubpe Oscillationc

The modified version of the tapered tutc showed a similar oscillation
pattern as in the earlier version excert that the higher passband oscilla-
tions were more serious ir this vercion tharn in the first. The gain of
the untazpered portion ol trnis tute was greatly increased. The effect of
circuit tapering could therefore be more clearly determined.

Several methods of jdentifying the oscillations were tried. The most
successful one was that of following the formation of each oscillation
For instance, in studying the lower passband pulise-edge oscillations,
the beam voltage was increzsed slowly from a value low enough to insure

that the tube was rnot ocscillati: Ac the Lteam voltage increased, the

)
oig]

first oscillation azppeared s a teanm voltage eguzl to ©C KV and beam
currert at 1< 3 amp with osciilation frequency of 327 (S MC/o. This oscilla-

tion occupied, at rirct & smzll Tortion of the top of the voltage pulse,

[N

and could te orserved on roth input and output ends simultaneously at the
P Y

same relative zocition on the velioge

'Y

ulse. As the beam voltage was
increased rew oscillaticiic with higher frequencies were created The
highest frequency corresponding to the highest beam voltage was alwayc
located in the center of the vpulce, ond the lower freguencle:s corre-ponding
to lower beam voltages were pushed to the two slde: and distrivuted in
monotonically decreasing orde:r according to thelr frequencies The re=-on
for such distribution can be easil; understood from the dispersion

characteristics of the slow-wave structure Thic process of formation




continued until the beam voltage reached 98 kV. For beam voltages above
this value, no additioral oscillation frequencies in the lower passband
could be obtained, and the rectified waveform was divided into two groups
located symmetrically on the two edges of tne voltage pulse. Each one
of the two groups possessed almost the same frequency content from 3276 Mc/s to
3375 Mc/s and appeared on the pulse-edges in the form of irregular peaks. The
distribution of the oscillation frequencies was still maintained, with
the higher freguencies always occurring nearer the center of the voltage
pulse, 1.e., at higher beam volteges, as before. When the operating beam
voltage was increased further, the beam voltage swept through a wider
voltage range in the same transient time intervals at the pulse-edges.
The frequency content in the leading edge oscillation decreased. But
the frequency content in the falling edge oscillation always covered
the same range. The reason for this effect is because the time for the
beam voltage to sweep through the pulse-edge oscillation region was too
short for some of the oscillation tn build up at the leading edge. Since
the transient time at the falling edge of the voltage pulse is usually
long the time was still long enough to permit all the oscillations to
start.
For beam voltages exceeding 100 kV a higher passband oscillation
at a fixed frequency of 5640 Mc/s could be observed at the output end
of the tube only This oscililation was much stronger in this tube than
1t was in the zingle-sever tube. However, it did not exist in the presence
of sufficient rf drive, and thus it did not interfere with other measurements.
Typical waveforms of tube oscillations observable from theijinput and
output ends of the tube under normal operating conditions are shown in
Fig. L.2a,b,c. The waveforrs were photographed from an oscilloscope
for a beam voltage of 140 kV. 1In Fig. 4.2a the waveform was obtained
directly from the output end. The square pulse in the center is the
amplified input rf pulse. The two strong oscillation pulses adjacent
to each side of the rf pulse are the higher passband oscillations at a
fixed frequency of 5¢40 Mc/s. Further from the two sides are the aforemen-
tioned lower passband pulse-edge oscillations. This is clearly shown

in Fig. 4.2b where the rf output was filtered through a low-pass filter
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with a cutoff frequency of 4100 Mc/s. It can be seen that the higher
passband oscillation at 56L0 Mc/s is filtered out, and the remaining
spikes are the oscillations of the lower passband. Figure 4.2c shows
the waveformcobtained directly from the input end. Note that one can
see both the incident rf pulse and the reflected oscillations though
the directional cousler. Compared with Fig. 42a, these waveforms show
some discrepancies. An obvious one is that the higher passband oscillation
does not appear in the input end of the tube. This means that the oscil-
lation exists in the output section of the tapered tube only. Another
discrepancy is that the pulse-edge oscillations appear with different
shapes when viewed from different ends of the tube. This is because the
oscillation pulse contained many frequencies and the tube amplification is a
function of frequency. That is, the beam modulation by these oscillations
by the rest of the tube are both different for different frequencies. 1In
addition, the coupling through the directional couplers is also a function
of frequency. The oscillations observed from the output end, i.e., the
amplified oscillations, therefore appeared with different shapes than
those observed from the input end of the tube. However, when the oscil-
lation frequencies were carefully measured, it could be found that when-
ever there was a frequency at the output end, the same frequency could
always be found simultaneously at the input end at exactly the same
relative position on the voltage pulse, i.e., at the same beam voltages.
In other words, the oscillations observed from the two ends of the tube
were actually the same oscillations since they were of the same frequencies
at the same beam voltages and appeared at the two ends of the tube
simultaneously. The middle section of the tube, as mentioned in Chapter III,
was designed short enough such that no independent oscillations could
build up -here, as can be shown both from theoretical computations and
from ear_ier empirical results of untapered tubes built with the same
untajsered cavities. Therefore, from these data and from the reasoning
given in Section B of this charter the pulse-edge oscillations could
only exist in the input section of the tapered tube.

Unlike the one-sever tube case, the pulse-edge oscillations existing

in the input section could no longer be stopped by adjusting the available
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e Bt Sbeilg neglofiwna. unCorvancionzliy High in ordesr to confime

- - 3 O - Bel

vhe ©=ar in tne Gt duwse, endé tRwt se Turther adjustwment was Dosgitle

. - . N ~ = _ PR [} r— A = T, + ~pad ~a
becauts 5¥ the limizz of the avrgilizhle¢ powar SUDDLY Tne peam trancrission

during normzl operatich was stout & opercent A typical focucing field

By compiriag tlV: reasured input section oecillation freguencies and
thelr correcponding tear voltages to the wo-f£ dizgram of untapered
cavities. it wac {ound tnat such oscillations appeared to be the tackward-
wave ocscillations exesrt Tor tie nigh cpixe clossct Lo the center of the

palse waicn iz dus to tns forwazrd-wazve interaction nature as discussed

2

Tne circuit lengtl of tne output cection ic rearly 1 cm longer than

Pt
{1
=

the input cection, zrnd tiz lczoding in the output -cection 50 lower

Pobe

than that of tne irrut c.ction Fence, if untapered cavities are used

in the output section, the ocutput cection will certainly oscillate. simply
because the input section, which is shorter. has been shown Lo be unztatle
Such occillations 17 Lioy <uict, can be earily distinguiched from those

of the iInput cection Eecaure o:r the differences in circuit length and
cther circuit zarzreters ac mentioned bvelore, the ctarting oscillation

{ferert. If the ir-

i
w
~
1)
2
pode

oris

[y

concitions in the irput and outrut scect
deperdent oscillcticns do exist in the two sections. they are most likely

to ctart at different team voltagez which meanc they will appear at

2
[
s ]
-y
e

rer.t locations cn the pulre edgec, and will occur at :1lightly dif-

]

However this chenomenon wao not obcerved from the tapered tube

altnough careful mcasurementc were made in an effort to detect it Hence.
the orly other possible cauce Tor the lack of independent oscillations

in the output cection 1. tuat the gnin i¢ too low in the output rection

It hic were true, tne ctarting current {or occillation would, of course,
be higher The Iorward-wave gain in the output cection, on the contrary,
ic vetter than trat in the untzpered case  Therefore, it is concluded
that the lack ol pulse-edge occilliations in the output section of the tube

Is aetually due %0 Lhe effecet of cireuil tapering
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Compared with the tleoretical results obtained in Chapter II, it can
be seen readily itnat tne experimental results agree well with the predic-
tions cnownt in that chapter. The method uced to estimate the start oscil-
lation conditions for tackward-wave oscillation, though an approximate one,
can te seer from the above results to te effective in predicting the
stability of a tapered tute

The higher passband oscillation at & fixed fregquency of 5640 Mc/s, as
mentioned earlier, was stronger in the two-sever tube than it was in the
single-sever tube. This ic tecause by the addition of the middle section
the forward-wave gain in the tube at this rrequency was also improved.
Hence, this oseciilation, wkich possibly was due to forward-wave inter-
action and reflectionc, could no longer, of course, be eliminated by simply
ad justing the magnetic field. Fortunately such an oscillation did not
exist in the presence of an rf signal pulse; it also could be filtered out
by a k100 Mc/s low-pass filter. Trerefore no serious interference had
been caused by such oscillations in the measurement of a low passband
tube performance such as power measurement during pulse, efficiency, etc.
However, this oscillation did cause some inconvenience in measuring the
collector current since it loaded the beam so much that it changed the
beam transmission to the collector. A typical waveform of the collector
current under such a situation is showr in Fig. 4.4, The figure was drawn
from a photograph taken for a beam voltage at 120 kV. The ripples
indicated by 1 and that on other parts of the waveform are due to dc
circuit pick-up. Those indicated by 2 and 3 are due to the pulse-edge
oscillations at the input section of the tube. Those indicated by 4 and
5 are due to the higher passband oscillations. The middle one indicated
by 6 is due to the input rf signal pulse, and the dotted line indicates

the possible unmodulated waveform.

2. Gain and Efficiency Measurement

One of the most interesting characteristics of the linearly tapered
tube is the sudden increase in slope ot the power-out vs power-in charac-

teristic as the input power was increased to what is normally the nonlinear




Relative
emplitude

FIG. 4.4-—Collector pulse waveform with beam
voltage at 120 kV.
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regior. in an untapered tube. Figure 4.5 shows a family of such charac-
teristics obtained frem the linearly tapered tube for different frequencies
at a beam voltage equal to 120 kV. It can be seen from this figure that
for frequencies below the synchronous frequency the tube behaves as a
linear amplifier until about 1 db below saturation, where it abruptly
becomes saturated as the drive increases further. For mid-band frequencies,
the characteristics show a sudden increase in slope, or eguivalently, an
increase in gain, when the drive power is increased such that the output
power is about 4 db below maximum power. For slightly higher freguerncies
this effect becomes more noticeable. At a typical frequency of 3060 Mc/s,
as can be seen in the figure, the increase in gain has its maximum valu=
at the point of inflection of 2.3 db abtove the small-signal value which is
approximately 33 db However, for higher frequencies the small-signal
gain is so low that the available drive power is not enough for observing
this increase, although it is expected to behave in a similar fashion.
On the other hand, at lower frequencies, the smell-signal gain is so high
that a small increment in gain could not easily be detected. For higher
beam voltages, this phenomenon is still exhibited but with higher satura-
tion output power. For beam voltage at 130 kV and 14O kV, the power-out
vs power-in characteristics obtained from the tube are shown in Figs. 4.6
and 4.7, respectively. It can be seen from this figure that the fre-
quencies for the maximum gain increase are shifted to lower values and
the magnitude of the maximum gain increase is changed slightly. For
instance, 2t a beam voltage of 1L0O kV, the highest gain increase occurs
at 3020 Mc/s with a magnitude of 2.7 db. The shift in freguency can be
readily understood from the dispercion characteristic of the tapered
circuit since at higher beam voltages the synchronous frequency shifts to
lower values

These results agree closely with the theoretical estimations shown
in Section C, Chapter II. For mid-band frequency at 3060 Mc/s an optimum
gain increase of 2.7 db s expected from a theoretical point of view.
However, in the actual tapered tube, the maximum gain increase was

measured to be 2 3 db at 120 kV beam voltage The difference is only
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deci.el: in Fig ~ B for 2z beam voltage of 122 KV It can be seen that
Tor cmelil-cignzl operation the npormaiized cutput zower ic a lirear func-

tion of the normzliced input rowser over 2 wide dyrnamic range  The nor-

always nave the came incremernt  When the drive power Is increasing. the
characteristic reaches the nonlirear region If the gain in this region
is lower tran that in small-signal operation, the slopre of the charac-
teristic curve will be less than unity and the curve will go below the
original -5 degree line Conversely, if the gein is higher in the non-
linear region, the characteristic curve will have a slope greater tharn
unity and will lie above the 45 degree line. For a freguency of 2920 Mc/s
the characteristic curve (which is typical of those obtained at freguencies
below the midcand freguency) graduzlly bend: below the -5 degree line when
the irput power increacec reyond the small-signal values Thiz curve show:s
close resemblance to that octained from an untapered tube built bty the
General Electric Microwave Laboratory with identical untapered cavities
It will be noted that the output characieristic of the GE tube has a non-
linear region beginring at © db below saturation output power, while the
tapered tube shows a noticeable departure from linearity only spout 1 db
telow saturation At a frequency of 3000 Mc/s the tapered case chows an
increase in gain beginning about 5 db below the caturation poiat of the
output power The meximum increase in galn in this case is about C 8 db
For a freguency of 306C Mc/s the increase in gain is even higher, having
a value of 2.3 dt and begirning about & db below output power saturation
It is important to note that in all three cases the tapered tube
requirer a much smaller drive power change in order to bring the tube

from the linear region to the point of caturation than did the GE tube
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vooloh reguired z variation of sbout 15 du. This effect ic especially
scticeable at the nhigner freguenciec where merely doubling the drive power
L IIngl tne tuba Ivrom the linear region to complete saturation.

terraztively, the total gain of the tapered tube is plotted vs inrut

ot

A
rf power for three different frequencies in Fig. +.9. The manner and the
2mount of gain increase, &s well as the ccrresponding rf drive levels at
‘hese Treguencles, is clearly shown in the figure.

A plot of saturation power output as a function of frequency at e
bear voltage of 120 KV is shown in Fig. 4.10. The meximum power output
cotained wzs 2 MW at 3000 Mc/s wit: & 3 4t bandwidth of 12.2%. The
efficiency based on the cathode current is 22.3 percent, but since the
nean trancmission is poor, the efficiency based on collector currert ic
:robably more realistic, and is atout 25 percent. The actual ove:n.l
zf1iciency should te somewhere between these two values, probably 2¢ per-
cent. Resuits obtained at higher beam voltages, namely 130 and 140 xV,
indicate a continuous increase in saturation power output. For these two
voltages, the maximum output power increased up to 2.5 MW and 3.2 MW,
respectively, with the center freguency shifting slightly to a lower value.
The bandwidth, however remains nearly constant for all cases. The efficiency
is believed to be slightly increassed also, ac the voltage is raised, but
the collector current is difficult to measure due to the presence of the
upper passband oscillations. The saturation power ocutput for beam voltage
at 140 kV is plotted as a function of frequency in Fig. 4.11. The center
frequency can be seen to be 20 Mc/s lower than that at beam voltage of
120 kV. For higher beam voltages the power output 1s increased even more,
but the measurement was limited by the capacity of the cathode seal to
withstand the higher pulse voltages. Also, as the voltage was raised
the higher passband oscillations become stronger and were more difficult

<2 drive out with the rf drive; heance, no further data were taken.

D. CONCLUSIONS

In the present and previous chapters, it has been shown both theoretically
aiud experimentally that by properly tapering the slow-wave structure of a *ravel.t -

wave amplifier the long persistent problem of pulse-edge cscillations can bte
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Output power (Mw)

n

Icath * 93.5 anps

= 3 &
Icol 78.3 aups

\ Transmission = §3.8%

Maximu eficieacy

\ Teatn * B4

= o,
qCO]. 21 :J

\

Estimated % power
‘_ bandwidih = 3500 Mc _...\
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FIG. 4.11--Saturation power vs frequency for beam voltage at 140 kV.
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eliminstad  without cothsralo deleteriously affecting the amplifiern's
performa: ce Ly comparing tne trheoretical rrediction: and the experimental

S

results, close agrecmen® is Touwid besweer thexr  From cuch cloce agreement,
one ca:r cee thet the metnods uced irn Charter I in predicting the performance
of the tapered tute are well justilied Trese methodc rrovide convernient
ways for designing tapered traveling-wave tubec and zlco prreovide insight

ac to the operztion of z tapered cirecui:

Similarly, the forward-wave ampliiication 2. mocernte input power
level is chown to pe consideracly im or lower ené freguencies
in the passband, such improvement tends to extend the linear portion of
the power-out v. rower-in curve And at the mid-tand {reguercies, the
gairn at moderstc i.vnu. nowe. rovel is greater tran the small-signal gain
These changes on the power-out vc power-in curves enable the tapered tube
to be used in some special applicatiiornz. As mentioned previously, both
these cranges are unattalnacie by the untapered tubec  Moreover, the
empirical results obtained {rom the experimental tube are in close agreement
with the prediction made in Chapter Il This meanc that the method used
in Chapter II, though an approximate one, is guite czagable of giving a
good prediction and a decent interpretation o.' the operation o. iLhe tapered
circuit in this input power range.

As can be seen from the foregoing results in this chanter, the eff{iciency
of this experimental tube is about the same as that of the untapered tube.
This is because,; as mentioned before, the circuit tapering on the forward-
wave amplification region is purposely made cmall co any effect on the

o

efficiency of the tube was not evident From a comparison of thi- tube

gl

with tapered tubec elsewhere,“» it ic believed that il the tapering in the

forward-wave region can be made larger and more rapid, the tube efficiency
should also be improved For the clover-leaf slow-wave circuit. it ic
relatively simpler to make tapering larger and more rapid For instance,

.

instead of keeping the O-mode frequency t'ixed, ore may let it decrease;
then at the lower end frequencies of the passband there will be quite a
large circuit tapering However, ac stated in Chapter I1, if a taper iz

properly designed for improving tube cfficiency, it chould have a oroyr -




rate of tapering, a proper starting point of the taper, etc. But, all
these factors are a function of frequency and circuit parameters. There-
fore, a taper may be proper for some frequencies in the passband but may
not n>cessarily be adequate for other freguencies. To date, no optimum
taper design for improving efficiency has been found. Nevertheless, as

(1)

field, and many results have been accumulated. It is believed that from

mentioned in Chapter II, ceveral aathors have delved far into this
these empirical results a set of universal curves for designing a proper
taper to improve efficiency is possible to obtain by simply using proper
normalization. For instance, the length of the taper may be normalized

to the electron wavelength, such that the same curve can be used for
different frequencies and beam voltages, etc. Since this report is mainiy
concerned with the elimination of pulse-edge oscillations, no further
investigation has been made in this direction.

Th¢. experimental tapered tube used for this study has been shoun
to have the effects of eliminating the pulse-edge oscillations and of
improving the amplifications at moderate input power level simultaneously.
It is interesting to know whether one can design a taper which cen also
improve the tube efficiency. To the author, it appears to be that one
can either improve the amplification and stablility or improve the efficiency
and stability. The reason is that to improve efficiency, the tapering
must be quite rapid. Under this conditica, the gain in the tapered cavity
will be decreased drastically, such that no noticeable amplification
improvement can be obtained even 1f the average electron velocity is
decreased in the taper region as the input power is increased.

In this paper, only the clover-leaf slow-wave structure was considered.
However, the results are bellieved to be adaptable immediately to other
typer of circuits. But in some slow-wave circuits the work involved in
achicving a practical taper is sometimes tremendous, as was learned by

the author in working with other slow-wave structures,

(l)See Chapter II, Section D.
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APPENDIX

EVALUATION OF SMALL SIGNAL PARAMETERS
OF THE LTHEARLY TAFERED TRAVELING-WAVE AMPLIFIER

From the measured w-8 diagram shown in Fig. 2.12 and the frequency
perturbation results shown in Fig. >.:, two sets of cmall-signal parameter
computations are performed for the untapered cavities and the last cavity
of the linear taper. The parameters computed are those introduced by
J. R. Pierce, and tte procedure used is sumuarized briefly in the following
paragraphs.

By definition, Pierce's gain parameter, C , 1s given by

2
E 1 i 2
03 = > gl 8 , (A1)
L
26" P Lv uvo

where, 2 = E2/262P is the interaction impedance, and Io/l&V0 is the
beam admittance.

By using the perturbation method, the interaction impedance of a
circuit can be determined empirically by measuring the frequency shift

29,30

when the axial E-field is perturbed by a known subject. In our
measurement, a 0.100 in. diameter sapphire rod witn dielectric constant
of 10.3 is used to perturb the axial E-field, and the results are shown
in Fig. 3.v.

The conversion equation used to compute the interaction impedance

from the measurement results i-




where Lf/f is the normalized frecuency perturbation by the sapphire roq,
E 1is the amplitude of the fundamental Zorward-weve component, T4 is the
radius of the sapphire rod, F 1is the rcorrection factor for the rod, and

D 1is the space harmonic factor with the form of

n

’ (a.3)

o[> s
>
SMIY

where

B
sin Jgf) 1
2

A = .- : (a.4)
n Bm{’
(-E:' I,(7a)

2
The last [Io(7r) - I?(yr)] term is the averaging factor over the whole

beam cross area, where Io(yr) and Il(yr) are zero- and first-order
modified Bessel functions.
Equation (A.2) is derivable from the perturbation equation

L
of (e-eo)AfEc-E‘c‘dz
_ = - 9 , (A.5)
f Lw

where € = dielectric constant of the rod,
€ © dielectric constant of free space,
Ec = total axial E-field,
Wc = energy stored in the cavity, and
A = cross section area of the rod.
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